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1. Introduction
Iodocompounds are highly attractive as potential inter-

mediates for the synthesis of various organic and macromo-
lecular molecules because of the ability of the iodine atom
to be a good leaving atom. In addition, they are efficient
transfer agents in radical polymerization. In fact, the ability
of the iodine atom to transfer onto growing macromolecular
chains allowed the development of such compounds. An
important class of iodocompounds employed as chain transfer
agents (CTAs) are the fluorinated iodocompounds, RFI. These
compounds could be obtained in good yield by simple
addition of either HI or ICl onto fluorovinylic monomers.
These fluorinated CTAs enabled both initiation of the
polymerization under UV, thermally or in the presence of
redox catalysis, and transfer of the iodine atom onto the
growing chains. Oligomers of low molar masses could then
be obtained.

Then, in the late 1970s, Tatemoto1 opened the route to
the iodine transfer polymerization (ITP). Hence, by using
an initiating radical, iodofluorocompounds could enter in a
controlled process, based on a degenerative transfer (DT).
This real breakthrough was first realized with fluoroolefin
monomers but was rapidly extended to other common
nonhalogenated vinyl monomers. For specific applications,
nonfluorinated CTAs were preferred. Some iodoalkanes, such
as iodoform, were then investigated in the ITP process.
Recently, reverse iodine transfer polymerization (RITP),
another DT process, was discovered by us and is based on
the use of molecular iodine.

It was thus of interest to deeper summarize the synthesis
and the use of iodinated derivatives involved in telomeriza-
tion, ITP, and RITP, and these are the objectives of this
review, divided in four main parts.

The first part reports the syntheses of such iodocompounds,
fluorinated and nonfluorinated ones. The structural require-
ments are also investigated for further efficient transfer
reactions. The following parts describe their uses in several
radical processes, i.e., telomerization, ITP, and RITP. A wide
range of vinyl monomers (halogenated and nonhalogenated)
have been involved in these radical techniques. Then,
syntheses of well-architectured copolymers (especially block

* To whom correspondence should be addressed. Tel: (0033)4 67 14 43
01. Fax: (0033)4 67 14 72 20. E-mail: bernard.boutevin@enscm.fr.

3936 Chem. Rev. 2006, 106, 3936−3962

10.1021/cr0509612 CCC: $59.00 © 2006 American Chemical Society
Published on Web 08/24/2006



copolymers) are described. Finally, iodocompounds are
commonly utilized in an industrial scale for the synthesis of
various commercially available intermediates (fluorotelomers,
fluorinated alcohols, and fluorinated acrylates) or products
used as surfactants, fire-fighting foams, surface modifiers,
and thermoplastic elastomers (TPEs). These applications are
highlighted in the last part.

2. Synthesis of Iodinated Compounds Used in
Radical Polymerization

This section aims at summarizing the whole range of
iodinated CTAs, which were investigated in a radical process.
Some examples of CTA syntheses are described. Noteworthy,
iodinated CTAs can be classifed into two different groups:
the fluorinated ones and the nonfluorinated ones. Despite
the high number of publications on the syntheses of CTAs,
only three different pathways have been described so far to
obtain iodinated CTAs: the addition of HX onto vinyl
monomers, the addition of ICl onto fluoroalkenes, and the
nucleophilic substitution.ω-Iodofluorinated CTAs can also

be prepared by telomerization of fluoromonomers with
iodinated transfer agents. However, this last synthetic strategy
will be developed in section 3.2. Finally, the synthesis of
iodinated CTAs by a radical pathway through the use of
molecular iodine as a radical scavenger will be presented in
section 4.4.

2.1. Addition of HX onto Monomers

The addition of HX (X) Cl, Br, I) to monomers has
attracted the interest of many investigations.2-5 One of the
most exciting surveys has involved vinyl ethers for their
living cationic polymerization. The combination of HI/I2 was
described as a very effective initiator/coinitiator system for
this type of polymerization and was used to synthesize well-
defined telechelics,6,7 macromonomers,8,9 and block copoly-
mers.10 Similarly, fluorinated vinyl ethers have also been used
successfully by Vandooren et al.11 The first step in such a
polymerization involves the addition of HI onto the double
bond yielding the corresponding 1-(1-iodoethoxy)alkane:
H3C-CHI-OR. As a matter of fact, the use of such a kind
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of monoadduct has also offered interesting research in the
field of radical polymerization.

Although HI seems to behave as a good cocatalyst in the
polymerization of styrene (Sty),11,12 the additions of HX to
Sty,13-15 to MMA,16 or to ethyl acrylate11 also led success-
fully to the formation of the CH3CR1R2X monoadduct. For
instance, Gaynor et al.13 used this method to synthesize
1-phenyl ethyl iodide from hydriodic acid and Sty, the
quaternary ammonium behaving as a phase transfer catalyst
(reaction a of Scheme 1). Another example was suggested

by Bak et al.17-19 for the synthesis of 1-chloro-1-iodoethane
(reaction b of Scheme 1) from the additions of HI onto vinyl
chloride,18 while that onto vinylidene fluoride (VDF)20 was
also successfully achieved. Although 1-iodo-1-chloroethane
was involved in controlled radical polymerization (CRP) of
vinyl chloride,18 to our knowledge, no similar ITP has been
done on VDF.

2.2. Addition of Iodine Monochloride onto
Fluoroalkenes

Unlike the addition of I-F onto fluoroalkenes, which led
to scarce research,21,22 the addition of iodine monochloride
(ICl) onto these halogenated olefins has been achieved by
many authors.23-28 However, in the case of asymmetric
alkenes, these authors paid little attention to the presence of
nonexpected byproduct arising from the reverse addition.
Taking into account that the polarity of iodine monochloride
is δ+I‚‚‚Clδ- and regarding polar, ionic, and steric effects,
the formation of reverse isomer cannot be neglected.

For this reason, the comparison of the reactivities of
various fluoroalkenes, such as chlorotrifluoroethylene (CT-
FE),24 trifluoroethylene (TrFE),29 VDF,25 hexafluoropropy-
lene (HFP),23 and 1,1-difluorodichloroethylene,23 was deeply
studied in the presence of iodine monochloride. In most
cases, the different radical initiations (photochemical, ther-
mal, and the use of redox catalysts or radical initiators) were
investigated and the following results are summarized in
Scheme 2. Interestingly, it is observed that the lower the

fluorine content of the fluoroalkene, the higher the selectivity.
The monoadduct was obtained in all cases, leading to

original activated telogens containing CF2I or better, a CFClI

end group.23,24 The addition of ICl to 1,1-dichlorodifluoro-
ethylene was found to be regioselective23 as in the case of
the addition onto CTFE24 (Scheme 2). The use of a catalyst
(e.g., iron) affects the yield and the amount of byproduct.
HFP requires heat, unlike other monomers.23 Hence, the
decreasing reactivity series about ICl can be suggested as
follows: CTFE> TrFE > VDF > CF2 ) CCl2 > HFP.

2.3. Nucleophilic Substitution
The nucleophilic substitution of the corresponding chlo-

rinated or brominated molecules can involve an iodide salt
(reaction a of Scheme 3). Teodorescu30 explained the

synthesis of vinyl iodoacetate by reaction of vinyl chloro-
acetate with an iodide salt. A similar route was used by Iovu
and Matyjaszewski31 who synthesized methyl-2-iodopropi-
onate from the methyl-2-bromopropionate in acetone (reac-
tion b of Scheme 3).

Unlike fluorinated CTAs, most nonfluorinated transfer
agents15,18,19,30-46 are rather easy to synthesize and their
chemical structure enables an easy transfer of the iodine atom
to the propagating polymer chain while the resulting radical
is stabilized by either inductive/polar or resonance effects.
Such reasons, their low price, their solubility in organic
solvents, and the good control results make them an obvious
choice for many different applications (Table 1).

2.4. Structural Requirements of CTAs
Some structural requirements have to be taken into account

for efficient transfer of alkyl iodides. Indeed, because the
propagating chain must first abstract the iodine atom from
the transfer agent, the chemical structure of R-I transfer
agent is quite important. To ensure that there is no great
variation in free energy, one usual way lies on the preparation
of a transfer agent that mimics the propagating chain end.47

In the case where the transfer of the iodine atom from the
transfer agent to the propagating radical involves no change
in free energy, the transfer reaction is thermodynamically
neutral (DT).13,48 Preferably, the C-I bond should be labile
enough31 to allow an easy transfer of the iodine atom to the
propagating radical. To this aim, the R group should stabilize
the resulting radical through inductive or resonance effects.

Starks,36 in his comprehensive study of the telomerization
reactions, explained that the activity of telogens toward chain
transfer depends on both the nature of the atom being
abstracted (the decreasing order has been proposed as
follows: I > Br > Cl ∼ H) and the other substituents on
the telogen that stabilize the telogen radical (the decreasing
series was suggested as follows: CN∼ CO2R > Br ∼ Cl >
F > CH3 > H). It is also evidenced that primary end groups
are less effective44 than secondary ones. Therefore, head to

Scheme 1. Synthesis of Alkyl-Iodinated CTAs by Addition
of HI

Scheme 2. Reactivity of Various Fluoroalkenes with Iodine
Monochloride

Scheme 3. Synthesis of Alkyl-Iodinated CTAs by
Nucleophilic Substitution
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head additions tend to decrease the transfer rate, by changing
a secondary end group into a less effective primary end
group.

Thus, a wide range of iodinated transfer agents can be
prepared. Nevertheless, it must be emphasized that these
molecular iodinated compounds are often UV light- and heat-
sensitive and can be prone to decomposition under storage.
Consequently, special care should be paid to purify them
prior to use.

Preferably used transfer agents include iodoform, 1-phenyl
ethyl iodide, ethyliodoacetate, and iodoacetonitrile (Table 1).
Those transfer agents fit well to the best structural require-
ments. They all possess a labile carbon-iodine bond, and
the radical resulting from the abstraction of the iodine atom
is stabilized either by inductive/polar effect or by resonance
effect. For example, while iodomethane or diiodomethane13

did not lead to a good control of the polymerization,
iodoform13,34,35behaved as a successful transfer agent. Both
supplementary iodine atoms in iodoform induced a very
strong inductive effect, which lowers the activation energy
and allows the rate of transfer to be comparable to the rate
of propagation. In 1-phenyl ethyliodide and iodoacetonitrile,
the delocalization of the radical after the abstraction of the
iodine atom stabilizes the resulting radical and enables an
easier abstraction of the iodine atom.

Concerning fluorinated CTAs, perfluoroalkyl iodides RFI
have been used as telogens with most fluoroalkenes. Exten-

sive kinetic research on the synthesis of monoadducts was
performed by Tedder and Walton.49 From various results of
the literature,21,50-52 the decreasing reactivity scale about RFI
may be proposed as follows: VDF> TFE > F2C ) CFH
> HFP > CTFE. For less reactive monomers, the more
electrophilic the telogen radical is, the more difficult the
reaction is. This reaction is deeply investigated in the next
section corresponding to the telomerization reactions of
fluoroalkenes in the presence of fluorinated CTAs.

2.5. Conclusion
This section depicts the whole range of iodinated transfer

agents and especially their syntheses. Iodinated transfer
agents can be either fluorinated or nonfluorinated ones. The
syntheses are rather simple and usually consist of an addition
of HI or ICl onto a vinylic double bond. However, unlike
nonfluorinated monomers, their addition onto fluoroalkenes
often leads to two isomers. Interestingly, it was observed
that lowering the fluorine content of the fluoroalkenes
increases the regioselectivity.

Finally, another way for obtaining iodinated compounds
consists of replacing the halogen atom (Br or Cl) of the
molecule by an iodine atom by reaction with an iodide salt.
However, this last method cannot be applied to fluoro
compounds due to the strong inductive withdrawing elec-
tronic effect of the fluorine atoms. Such a nucleophilic
substitution is also highly difficult to carry out onto precur-
sors bearing tertiary carbons inR-position of the halogen
atom. Hence, the competitive elimination of HX often occurs
and cannot allow their use as CTA in radical polymerization.

In most cases, the resulting radical from the scission of
iodide radical, I•, is similar to that of a growing radical,
provided by polymerization of vinyl monomers, i.e., styrenic,
acrylates. This certainly enables CRPs of the corresponding
monomers in the presence of iodinated transfer agents.
However, in the case of nonsymmetrical fluoroalkenes, it is
not obvious to direct the radical polymerization in the
presence of fluorinated transfer agents since two isomers can
be produced by addition onto the double bonds and one of
both may slow or even stop the polymerization.

3. Telomerization Reactions
Before the occurrence of CRPs, and especially ITP, the

first radical polymerizations performed in the presence of
iodinated CTAs were mainly telomerization reactions. Only
few studies dealt with the use of iodinated CTAs in the
telomerizations of nonfluorinated monomers. Indeed, most
of works aimed at synthesizing fluorotelomers in the presence
of fluoroiodinated CTAs. In this part, we focus on the
telomerizations of fluorotelomers with fluoroiodinated CTAs.

A lot of fluoroalkenes have been involved in telomerization
reactions leading to fluorinated polymers regarded as high
value-added materials, due to their outstanding properties,
which open up various applications.53-56 Such polymers show
low intramolecular and intermolecular interactions, which
lead to low cohesive energy and therefore to low surface
energy. They also exhibit high thermostability and chemical
inertness, low refractive index and friction coefficient, good
hydrophobicity and lipophobicity, valuable electrical proper-
ties, and low relative permittivity. In addition, they are
nonsticky, resistant to UV, aging, and concentrated mineral
acids and alkalies. Hence, their fields of applications are
numerous:53,57-61 paints and coatings (for metals, wood,

Table 1. Nonfluorinated Iodocompounds Used as CTAs
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leather, stone, optical fibers, and antifouling), textile finish-
ings, novel elastomers,56 high-performance resins, mem-
branes, surfactants and fire-fighting agents, functional ma-
terials (for photoresists or microlithography, optical fibers,
and conductive polymers), biomaterials, and thermostable
polymers for aerospace. It was thus worth finding a model
for the synthesis of fluoropolymers in order to predict their
degree of polymerization, their structure (especially the
defects of chaining when the monomeric precursor is
nonsymmetrical), and the mechanism of the reaction.

One of the most interesting strategies is that of telomer-
ization. Introduced for the first time by Hanford and Joyce
in 1948,62 this reaction usually leads to low molar mass
polymers, called telomers, or even to monoadducts with well-
defined end groups. Such products are obtained from the
reaction between a telogen or a transfer agent (X-Y) and
one or more (n) molecules of a polymerizable compound M
(called taxogen or monomer) having ethylenic unsaturation,
under radical polymerization conditions, as follows:

Telogen X-Y can be easily cleavable by free radicals
(formed according to the conditions of initiation) leading to
an X• radical, which will be able to react further with a
monomer. Telomers are intermediate products between
organic compounds (e.g.,n ) 1) and macromolecular species
(n ) 100).53 Hence, in certain cases, end groups exhibit a
chemical importance, which can provide useful opportunities
for further functionalizations.

The scope of telomerization was first outlined by Friedlina
et al.63 in 1966 and then improved upon by Starks in 1974.36

Recently, we have summarized such a reaction53 in which
mechanisms and kinetics of radical and redox telomerizations
have been extensively described.

3.1. Initiation and Mechanisms
A telomerization reaction is the result of four steps:

initiation, propagation, termination, and transfer. These four
steps have been described in previous reviews36,64,65and are
summarized in Scheme 4 where XY, F2CdCRR′, ki, kp1, kTe,

andktr represent the telogen, the monomer, the rate constant
of initiation, the rate constants of propagation, termination,
and transfer, respectively.

The kinetic law, regarding the reverse of the average
degree of telomerization, 1/DPn, depends on the transfer

constant of the telogen (CXY), the telogen [XY], and the
monomer [M] molar concentrations, as shown below taking
into account both high and low average degrees of telom-
erization. (i) For highDPn,

According to eq 1, transfer constants of various telogens
were determined.66

(ii) For low DPn, the activity of transfer of a telogen in
the presence of a monomer is characterized by the transfer
constants (or coefficients)CT

n 65 that may be defined for each
growing telomeric radical as the ratio of the transfer rate
constant of the telogenktr

n to the rate constant of propaga-
tion kp

n (eq 2):

3.1.1. Redox Catalysis
In the case of telomerization with redox catalysis (Table

2),36,62,67,68a metallic complex MtL (Mt is the metal and L

represents the ligand) is added. The kinetic law applied to
redox telomerization depends on both the transfer constants
of the catalyst and the telogen, but the former one is much
greater (eq 3):

As noted in both radical and redox mechanisms of
telomerization of fluoroalkenes, termination reactions always
occur by recombination and not by disproportionation
(Scheme 5). In addition, it has been shown that, for the same

X-Y + nM98
free radicals

X-(M)n-Y

Scheme 4. General Mechanism of Telomerization

1

DPn

) CXY

[XY]

[M]
with CXY )

ktr

kp
(1)

CXY
n )

ktr
n

kp
n

(2)

Table 2. Transfer Constants of CatalystsCMt and TelogenCCCl4
with Redox Telomerization of CTFE with CCl4

67

nature of the catalyst CMt CCCl4

FeCl3/benzoin 75 0.02
CuCl 700 0.02

1

DPn

) CMt

[MtL]

[M]
+ CXY

[XY]

[M]
(3)

Scheme 5. General Mechanism in Redox and Catalytic
Process: (a) Catalytic Process and (b) Redox
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telogen and fluoroolefin, a radical telomerization leads to
higher molar mass than those obtained from redox catalysis.

3.1.2. Thermal Initiation by Telogen Decomposition
In certain conditions, sufficient energy supplied by tem-

perature causes scission of the X-Y bond of the telogen
(Initer concept). Interesting examples concern the use of RF-
Is in which the energy of the C-I bond is 45 kJ mol-1.69

The mechanism is rather similar to that of the radical
telomerization except for the initiation step in which the
radicals are produced from the telogen under temperature,
as follows:

Regarding the reactivity, breakthroughs were achieved by
Dolbier69 who comprehensively reviewed the syntheses,
structures, reactivities, and chemistry of fluorine containing-
free radicals in solution. He also reported the influence of
the fluorinated substituents on the structure stability and the
reactivity of (per)fluoro-n-alkyl and branched chain (per)-
fluoroalkyl radicals and supplied an interesting strategic
overview of all aspects of organofluorine radical chemistry.
In addition, this review also gives a summary of relative rates
of addition of various radicals onto some fluoroethylenes
and especially the following increasing series of electrophi-
licity first suggested by El Soueni et al.:70 CF3

• < CF3CF2
•

< C2F5CF2
• < nC3F7CF2

• < nC5F11CF2
• < (CF3)2CF• <

(CF3)3C•.

3.1.3. Cotelomerization
In cotelomerization, the problem is slightly more complex

and the kinetics have been little investigated. However, the
equation proposed by Tsuchida71 relating the instantaneous
DPn vs the kinetic constants has been confirmed72 (eq 4):

where [Mi], [T], ri, andCTi represent the concentrations of
the monomer Mi and of the telogen, the reactivity ratio of
the monomer Mi (ri ) kii/kij), and the transfer constant of
the telogen to the monomer. Furthermore, for knownri, the
conversionsR1 andR2 of both monomers vs time could be
determined.

The composition of the cotelomer, i.e., the proportion of
monomer units in the cotelomer, can be predicted for known
kinetic constantsri and from [Mi]o according to the statistical
theory of the copolymerization. Moreover, the probability
to obtain cotelomers of well-defined composition and then
the functionality of the cotelomer were calculated.

3.2. Fluoroalkenes Used in Telomerization
Reactions

This section contains two main parts: The first one deals
with the telomerization of most used fluorolefins (VDF, TFE,
CTFE, TrFE, and HFP), and the second one deals with
scarcely utilized fluoroalkenes (vinyl fluoride, 3,3,3-trifluo-
ropropene, and 1,1-difluoro-2,2-dichloroethylene).

3.2.1. VDF
VDF (1,1-difluoroethylene or VF2), regarded as nontoxic,

nonhazardous, more safe to handle [in contrast to tetrafluo-

roethylene (TFE) or TrFE], and environmentally friendly
(since it does not contain any chlorine or bromine atoms),
can easily polymerize under radical initiation.73 In addition,
it is a nonsymmetrical alkene and its propagation may lead
to a certain content of defect (i.e., tail to tail or head to head)
of VDF chaining. Many authors have investigated the
telomerization of VDF.53 Almost all kinds of transfer agents
have been used, requiring various means of initiation:
thermal, photochemical, or from systems involving redox
catalysts or radical initiators.68 Table 3 summarizes the

different initiation ways for the telomerization of VDF with
alkyl iodides.25,67,74-94

Almost all RFIs andR,ω-diiodoperfluoroalkanes (IRFIs)
were successfully utilized in thermal telomerization of VDF.
One of the pioneers of such work was Hauptschein et al.95

(who used CF3I, C2F5I, n-C3F7I, i-C3F7I, ClCF2CFClI, and
ClCF2CFICF3 at 185-220 °C) leading to high telogen
conversions. Later, Apsey et al.81 and Balague´ et al.79,80used
i-C3F7I and linear CnF2n+1I (n ) 4, 6, 8) telogens, leading to
telomeric distributions, with a better reactivity of the former
branched transfer agent. We have shown that, while the
monoadduct exhibits only the structure RFCH2CF2I, the
diadduct is composed of two isomers,79,80while the triadduct
had a rather complex structure.96

Usually telomeric distributions are obtained in good yields,
with more or less highDPn according to the nature of the
telogen (and especially the electrophilicity of the radical
generated), and the experimental conditions (initial pressures,
[VDF]/[telogen] molar ratios, and temperatures).

Various iodinated telogens have been used in the radical
initiation reaction: ClCH2I, CH2I2,85 CH3I,90 CF3I,87 ClCF2-
CFClI,78 C4F9I,82 and I(C2F4)nI (with n ) 1, 2, and 3). C4F9I
was used in the telomerization of VDF in the presence of
AIBN in supercritical carbon dioxide as the solvent.82 More
recently, VDF telomers obtained from CF3I were character-
ized by19F nuclear magnetic resonance (NMR) spectroscopy

X-Y 98
∆

X• + Y•

X• + CF2dCRR′ f XC2F2RR′•

(DPn)i ) (r1[M1]
2 + 2[M1][M 2] + r2[M2]

2)/
(r1CT1[M1][T] + r2CT2[M2][T]) (4)

Table 3. Telomerizations of VDF with Iodinated Transfer
Agentsa

telogen method of initiation structure of telomers refs

ICl various initiations ClCF2CH2I 25
HI thermal CH3CF2I 91
CH3I UV CH3CH2CF2I 90
CF3I UV, 28 days/RT CF3(VDF)1I 89

UV/0-100°C CF3(C2F2H2)I 88
UV/140 °C CF3CH2CF2I (major)

CF3CF2CH2I (minor)
85

TBPPI CF3(VDF)nI; n ) 10-30 87
CF2HI UV HCF2CH2CF2I 86
iC3F7I 185-220°C iC3F7(VDF)nI; n ) 1-5 79-81
nC3F7I 20 h/UV/140-210°C nC3F7(C2F2H2)I 85
(CF3)3CI thermal (CF3)3C(VDF)nI, n ) 1, 2 84
C4F9I 230 °C/15 h C4F9(VDF)nI 83

AIBN, scCO2 C4F9(VDF)nI; n ) 1-9 82
FeCl3/Ni C4F9CH2CF2I 79, 80

CpF2p+1I,
p ) 1-8

180-220°C CnF2p+1(VDF)nI; low n 79-81

C5F11CFICF3 180-190°C C5F11CF(CF3)(CH2CF2)nI 79
ClCF2CFClI 181°C/26 h ClCF2CFCl(VDF)nI 78
ICH2I DTBP/130°C ICH2-CH2CF2I (91%) 77
ICF2I LTA/70 °C ICF2CH2CF2I 76
I(C2F4)nI,
n ) 1-3

180°C or rad I(VDF)p(C2F4)n(VDF)qI;
variablep + q

75

PFPE-I DTBP, 140°C diblock PFPE(VDF)nI;
nj ) 5-50

74

a Abbreviations: RT, room temperature; sc, super critical; DTBP,
di-tert-butyl peroxide; LTA, lead tetraacetate; TBPPI,tert-butylperoxy
pivalate; and PFPE, perfluoropolyether group.
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and by matrix-assisted laser desorption ionization time-of-
flight MS (MALDI-TOF MS)87 as the first example on a
perfluoroaromatic matrix and were silver cationized (Figure
1). Interestingly, the assessment of the average molar mass

in number and in weight (Mh n ) 1240 andMh p ) 1250,
respectively, which also confirmed those obtained by19F
NMR spectroscopy) enabled us to demonstrate that narrow
polydispersity indices (PDI) 1.09) were obtained.

Similarly, electron spray ionization was realized on VDF97

and CTFE98 telomers. The photoinduced telomerization of
VDF was pioneered in 1954 by Haszeldine89 who used CF3I
as the transfer agent leading to the monoadduct. Cape et al.85

studied the same reaction at 140°C for 12 h and determined
the Arrhenius parameters for the addition of CF3

• radicals
to both sites of VDF. The activation energy of the isomer
CF3CH2CF2I was about three times higher than that of CF3-
CF2CH2I. VDF and I-Cl were photolyzed producing ICH2-
CF2Cl as the sole product in fair yield.25 This monoadduct
was characterized from1H and 19F NMR spectra of CH3-
CF2Cl, obtained after reduction with SnBu3H.

Few studies were realized on redox telomerization from
C4F9I and FeCl3/Ni; only C4F9CH2CF2I was obtained in a
55% yield.79,80The structure of this monoadduct is the same
as that produced by thermal initiation. Such a selectivity was
confirmed by Chen and Li76,99 who obtained ICF2CH2CF2I
from ICF2I in the presence of lead tetraacetate.

3.2.2. TFE
TFE is obviously the most used monomer in telomerization

because of the best compromise between its good ability to
polymerize (in comparison to other monomers) and the
properties of the perfluorinated chains obtained. Furthermore,
because of its symmetry, there are no problems of regiose-
lectivity or defects in chaining. However, it is the most
difficult to handle because of its hazardous behavior toward
oxygen and under pressure.

Whatever the ways of initiation, successful results have
been obtained involving all kinds of telogens.53 A summary
of the literature is listed in Table 4 corresponding to
photochemical, thermal, radical, redox, and miscellaneous
initiations.20,23,27,49,51,85,100-116

For the industrial scale, thermal telomerization appears the
most widely used, probably because of the thermal stability
of the fluorinated telomers produced. Moreover, it is well-
recognized that the good reactivity with redox catalysts leads

to low molar mass telomers, as for thermal initiation at high
temperature. On the other hand, thermal initiation at low
temperatures and chemically induced radical telomerization
provide telomers with highDPn and wider polydispersities.

3.2.3. CTFE
The telomerization of CTFE with iodinated telogens has

been investigated by many authors.21-23,52,117To increase the
reactivity of the telogens having C-I groups, the authors
have introduced one or two chlorine atoms into the iodinated
extremity. The synthesis of these new products is by addition
of IX (X being Cl or F) to chlorofluoroalkenes as shown in
Scheme 6. Another special mention is stressed for the

addition of IBr onto CTFE that led to the formation of four
products: expected ICFClCF2Br, BrCFClCF2I, and unex-
pected ICF2CFClI and BrCF2CFClBr.118

Thus, versatile telogens have been produced with an
increased activation of the cleavable bond. In fact, in 1955,
Haszeldine27 already observed a kind of controlled character
of the telomerization of CTFE according to the following
reaction:

However, no deeper investigation was carried out to check
whether (DPn) vs conversion showed a linear relationship
and narrow PDIs. Nonexhaustive studies dealing with the
telomerization of CTFE with these above telogens are
summarized in Table 4.

In contrast to the telomerization of TFE with RFIs, the
addition of these telogens to CTFE has not been fully
investigated. This may be explained by the fact that the
RF(CF2CFCl)nI telomers produced are more efficient telogens
than the starting RFI transfer agents (as seen in the previous

Figure 1. MALDI-TOF MS of PVDF obtained by radical
telomerization of VDF with CF3I.87

Table 4. Telomerizations of Fluoromonomers with Iodinated
Transfer Agents

fluoromonomer telogen conditions refs

TFE CF3I UV 100
C3F7I 190-240°C 51
I(C2F4)nI 230 °C 101
C2F5I Cu/80°C 102

CTFE ClCF2CCl2I 140 °C 23
ClCF2CFClI UV 27
CF3I UV 103

TrFE (CF3)2CFI hν 104
(CF3)2CFI γ-rays 105
CF3I hν 106
CnF2n+1I
(n ) 4, 6, 8)

180-190°C 107

HFP CF3I UV 49
ClCF2CFClI 200°C 108
C4F9(C3F6)I 250 °C 109
IC2F4CH2CF2I 210 °C 110

Vinyl fluoride CF3I UV 85
(CF3)3I UV 111

TFP CF3I UV 20
CF3I 225 °C 20
C6F13I DTBP 112-114
(CF3)2CFI DTBP 112-114

Scheme 6. Synthesis of New Transfer Agents by Addition of
IX onto Chlorofluoroalkenes

ClCF2CFClI + F2CdCFCl f Cl(CF2CFCl)nI
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section) since CFCl-I bond can even be more easily cleaved
than CF2-I bond. Table 4 sums up the results in the
literature.

When CF3I is used as the telogen, two isomers can be
produced since the addition of•CF3 radical onto CTFE103,119

led to CF3CF2CFClI (mainly, 90%) and CF3CFClCF2I.
Interestingly, Gumbrech and Dettre120 used a mixture of
(C2F5CO2)2 and CHI3 (as a iodine donor) to obtain of
C2F5(C2F3Cl)nI telomers, although a rather highDPn (ca.
13) was observed.

Redox catalysis provides lower molar mass telomers.
However, some transfers from the catalyst (CuCl, CuCl2, or
FeCl3) occurred and led to byproducts.121 It can be concluded
from all of these results that the reaction between RFI and
CTFE is very complex and difficult to perform successfully.

3.2.4. TrFE
One of the most known developments of this monomer

concerns its interesting copolymers with VDF for piezoelec-
trical properties. Unlike the above fluoroalkenes extensively
used in polymerization and telomerization, TrFE has been
investigated in telomerization by few authors (Table 4).104-106

Although both XCF2CFHY and XCFHCF2Y isomers have
been produced in most cases, Bissel26 investigated the redox
telomerization of TrFE with iodine monochloride and
observed the selective formation of ClCF2CFHI as the sole
product. When thermal or photochemical initiations were
used, this isomer was the major product (95-97%) but the
reverse ClCFHCF2I was also observed.29

With regards to the reactivity of free radicals produced
from various telogens [especially (per)fluoroalkyl iodides]
to TrFE, the electrophilic character of the (per)fluoroalkyl
radical generated has a great influence on the proportion of
reverse adduct. It was noted that the higher its electrophi-
licity, the higher the amount of “normal” isomer as shown
in the thermal telomerization of TrFE with various fluoro-
alkyl iodides (Table 5).

3.2.5. HFP
HFP is known to be telomerized or polymerized with

difficulty. Nonexhaustive results illustrating telomerizations
of HFP are listed in Table 4.49,122,123Among transfer agents
involving a C-I bond, for trifluoroiodomethane, the wave-
lengthλ plays an important role on the telomeric distribution
since atλ < 3000 Å only CF3C3F6I was formed whereas at
higher wavelengths, the two first telomers were produced.111

An interesting comparison between photochemical and
radical initiations was made by Low et al.,124 who studied
the competitive addition of CF3I to HFP and ethylene (E) at
different temperatures (up to 170 and 189°C from di-tert-
butylperoxide and UV-induced reactions, respectively). These

authors noted that in all cases CF3C2H4I, CF3(C3F6)I, and
CF3(C3F6)C2H4I were formed. The two last products are
composed of two isomers, the normal one (CF3CF2CFICF3)
being produced in a higher amount than the reverse one
((CF3)2CFCF2I). They also observed that the higher the
temperature, the higher the yield of these three products, and
that below 140°C, photochemical initiation was more
efficient. Above this temperature, radical initiation led to
better results. In addition, from UV-induced reaction, CF3-
(C3F6)I was always produced in the higher amount whereas
the contrary was noted in the other process. By thermal
initiation, except for ICl, which led to both normal CF3-
CFICF2Cl and reverse CF3CFClCF2I isomers at 98°C, with
sometimes up to 40% of reversed adduct,23 most other
transfer agents required higher temperatures, especially
higher than 200°C.

The most interesting results, however, come from RFIs or
IRFIs for which the terminal CF2-I group has a lower bond
dissociation energy than that of CF2-Br. The pioneer of such
investigations from 1958 was Hauptschein95 who used CF3I,
C3F7I, and ClCF2CFClI as the transfer agents. The originality
of such thermal telomerization is that the mechanism of this
reaction does not proceed by propagation. The authors
suggested that the mechanism is composed of a succession
of addition steps according to Scheme 7.

Among other fluorinated transfer agents, RFCFClI telogens
are more reactive than RFCF2I as shown by Hauptschein95

or by Amiry et al.22 Tortelli and Tonelli101 and Baum and
Malik108 have shown the stepwise mechanism. However, we
could not confirm the work of Haupstchein who showed that
the thermal addition ofi-C3F7I to HFP was as successful as
that of linear transfer agents.95 In our work, this telogen
reacted with HFP in a low conversion, up to ca. 30% at 250
°C.109 To confirm this result, the telomerization of HFP with
the sterically hindered C4F9(C3F6)I, carried out at 250°C
for 48 h, led to 8% of C4F9(C3F6)2I, although this was not in
good agreement with Hauptschein’s results95 in which better
yields were obtained.

The nature of the autoclave greatly influences the forma-
tion of byproducts since for a vessel made of nickel, the
addition of CF3I to HFP led mainly to (CF3)3CI, whereas a
similar reaction in a Hastelloy vessel did not yield any
byproduct.

Thermal initiation appears the most efficient, especially
for RFI and IRFI. The telomeric distribution is limited to the
first two or three telomers, while the monoadduct is
composed of two isomers, the amount of which depends on
the temperature and the electrophilic character of the
telogenic radical.

Interestingly, Tortelli and Tonelli,101 Baum and Malik,108

and more recently Boulahia et al.125 succeeded in telomer-
izing HFP with IRFIs leading to normal I(C3F6)x(CF2)nI and
“false” I(C3F6)y(CF2)n(C3F6)zI adducts (wherex, y, or z ) 1
or 2). Another unexpected example concerns the radical
telomerization of HFP with ICF2CF2CH2CF2I (i.e., the
monoaduct from IC2F4I with VDF), which selectively led
to ICF2CF2CH2CF2CF2CFICF3.110

Hence, apart from redox catalysis for which only one
investigation has been reported, several types of initiation

Table 5. Thermal Telomerization of TrFE with Various
Fluoroalkyl Iodides Transfer Agents and Percentages of
RFCF2CFHI Reversed Adducts

Scheme 7. Telomerization of Hexafluoropropene in the
Presence of nC3F7I 95
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are possible when reacting HFP with various transfer agents.
Usually, however, the reaction is rather selective since low
molar mass telomers are produced.

3.2.6. Other Fluoroalkenes
Telomers of vinyl fluoride (Table 4) were obtained by

Rondestvedt126 who added C4F9IF2 (prepared by reacting
C4F9I onto Cl3F) as the catalyst at 120°C while telomers of
3,3,3-trifluoropropene (TFP) (this monomer was prepared
for the first time by Haszeldine127 by dehydroiodination of
F3CCH2CH2I) have led to more investigations. Nowadays,
this fluoroolefin is commercialized by the Great Lakes (now
Chemtura) Company, and more recently, extensive work has
been carried out to produce original telomers of TFP with
various CTAs (branched or linear RFIs,112-114 diethylhydro-
genophosphonates, thiols, and methanol lead to the best
yields). This confirms previous works from CF3I under
thermal or photochemical initiation, the latter being more
selective than the former.20 Low et al.124 investigated this
reaction under UV radiation at various temperatures and
obtained a mixture of normal and reverse isomers for the
monoadduct. They observed that a higher proportion of
reverse derivative was formed at higher temperatures. In
addition, they noted the formation of higher adducts above
175 °C.

The reactivities of CF3CHdCF2 and CF3-CFdCH2 with
CF3I have been compared by Haupstein et al.128 Only the
latter olefin leads to telomers, useful for hydraulic fluids,
lubricants, and heat transfer media.128 Similarly, C2F5CFd
CF2 has been telomerized thermally by Paciorek et al.129 who
suggested a probable mechanism. Longer perfluoroolefins,
or perfluoroalkyl vinyl ethers, investigated by Paleta’s group,
mainly130-132 led to monoadducts, as for the radical addition
of RFI onto C5F11CFdCF2.

An interesting study concerns the addition of iodine
monochloride to this olefin, producing exclusively ClCF2-
CCl2I isomer at-10°C (Scheme 6). However, at higher
temperatures and in the presence of iron as the catalyst, the
Cl3CCF2I isomer was also produced, and the formation of
chlorinated product ClCF2CCl3 was also observed under these
conditions.23 Surprisingly, the telomerization of 1,2-dichloro-
1,2-difluoroethylene has never been achieved from iodinated
transfer agents.

3.2.7. Cotelomerization
Interesting commercially available fluorinated copolymers

are known for their excellent properties; most of them have
been synthesized for use as elastomers56 or thermoplastics.133

The literature is abundant on the radical copolymerization
of two fluorinated olefins or copolymerization of fluoroalk-
enes with nonhalogenated monomers (e.g., vinyl ethers134,135),
regarded as electron withdrawing and electron donating,
respectively. However, few articles or patents report the
cotelomerization of fluoromonomers. Brace136 provided
interesting reviews on the radical addition of RFIs to different
kinds of monomers. In fact, two alternatives are possible as
follows: either direct cotelomerization according to a kind
of batch procedure or step-by-step or sequential addition. A
few examples are given below.

Cotelomers produced by cotelomerization of CTFE and
VDF seem to have attracted much interest because they
constitute interesting models for Cefral, Foraflon, Kel F, or
Solef copolymers.56 First, Hauptschein and Braid thermally
cotelomerized these olefins with CF3I or ClCF2CFClI137,138

leading to cotelomers of random structure ClCF2CFCl-

[(CTFE)n(VDF)p]I wheren + p varies in the range of 3-20
depending on experimental conditions.

Furukawa139 used RFIs and IRFIs as telogens for the
synthesis of high molar mass cotelomers. Fluoroiodinated
transfer agents were also used in ITP in a controlled way
and have enabled Daikin,140 Ausimont141 (now Solexis), and
DuPont142 to produce novel fluorinated copolymers with
targeted molar mass and narrow polydispersities.

Tatemoto and Nakagawa143 started from iC3F7I under
peroxide initiation to cotelomerize VDF and HFP, useful for
the preparation of block and graft copolymers. Haupstchein
and Braid144 studied the cotelomerization of HFP and TFE
with IC3F6Cl at 190-220 °C and obtained various molar
mass cotelomers depending on initial molar ratios of the
reactants.

Scheme 8 shows one typical example where the telomer
formed acts as an interesting transfer agent for a further
telomerization.79 These oligo- or poly(TFE-ter-VDF-ter-HFP)
tertelomers are interesting models for Dai-el, Fluorel, Kynar,
Tecnoflon, and Viton elastomers.

3.3. Conclusion
This part summarizes the important number of investiga-

tions performed on the telomerization of well-known flu-
orinated alkenes with iodinated transfer agents. These
fluorotelomers allow the synthesis of novel polymers bearing
high fluorine content and hence are regarded as high value-
added materials with usually exceptional properties.

The telomerization reaction appears as a powerful tool to
prepare well-defined molecules, and their well-characterized
end groups allow further key reactions. Although traditional
polymerization media are still up to date, recent processes
in clean (or green) media appear promising (e.g., in super-
critical fluids). In addition, it is also an elegant model of
(co)polymerization and the resulting telomers can also be
used for the characterization of higher molar mass polymers.
They can act as original standards for GPC or can be relevant
in the assignments of chemical shifts in NMR spectroscopy
(e.g., to determine the defects of chaining and the end groups
in fluoropolymers96).

Much work still requires development and, especially, a
better knowledge of the synthesis of tailor-made polymers
with well-defined architecture in order to improve the
properties by a better control of both the regioselectivity and
the tacticity. Although many investigations on the reactivity
have been extensively carried out by Tedder and Walton or
by Dolbier, methods are searched for a better orientation of
the sense of addition and either none or a high defect of
chaining since most fluoroalkenes are unsymmetrical.

Hence, such systems should induce interesting conse-
quences on the structures and on the properties of materials
thus obtained. For example, in the case of fluoroacrylic
monomers, it is well-known that the crystallization of
perfluorinated chains ensures improvement of surface prop-
erties (see 5.1.2). These telomers are also interesting precur-
sors of various fluoropolymers (such as telechelics and
alternating, block, or graft copolymers).

Scheme 8. Synthesis of Poly(TFE-ter-VDF-ter-HFP)
Terpolymer by Step-Wise Cotelomerization
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4. ITP
CRP includes a group of radical polymerization techniques

that have attracted much attention over the past decade for
providing simple and robust routes to the synthesis of well-
defined polymers, low-dispersity polymers, and the prepara-
tion of novel functional materials.145-159The general principle
of the methods reported so far relies on a reversible activa-
tion-deactivation process between dormant chains (or cap-
ped chains) and active chains (or propagating radicals); the
rate constants arekact andkdeact, respectively (Scheme 9).160

The past few years have witnessed the rapid growth in
the development and understanding of new CRP meth-
ods.149,157 The most efficient CRP methods are nitroxide-
mediated polymerization (NMP) that requires alkoxyamines;150

atom transfer radical polymerization (ATRP) involving alkyl
halides, metallic salts, and ligands;147,161-163 reversible ad-
dition-fragmentation chain transfer polymerization (RAFT)
using dithiocarbonyl derivatives;164 and ITP using alkyl
iodides.13 The respective specific mechanisms are briefly
summarized in Scheme 10. It is noted that in Scheme 10c,

that involves a xanthate, various authors sometimes refer
to the “MADIX” process as claimed by the Rhodia
Company,165-167 which stands for macromolecular design
through the interchange of xanthates.

Two main mechanisms can be distinguished as follows:
reversible termination (NMP, ATRP) and reversible transfer
(RAFT, ITP). In reversible termination, the transient propa-
gating radicals can recombine (irreversible termination) but
it produces an excess of persistent species (nitroxyl radical,
oxidized organometallic complex) (Scheme 10a,b), so that
the reversible cross-termination is rapidly favored. Therefore,
in reversible termination, the control of the polymerization
can be achieved by the persistent radical effect.152 In
reversible transfer (RAFT, ITP), the whole process can be
simplified to an exchange process with the apparent rate
constant of degenerative chain transfer (DT)kexch (Scheme
10c,d). In DT, the key parameters are the concentration of
the transfer agent (to control the molecular weight) and the
chain transfer rate constant (the higher thekexch value, the
lower the PDI of the polymer chains), as detailed later in
this section. In reversible transfer, the RX transfer agent
reacts with a propagating radical to form a P-X dormant
polymer chain.13 The expelled R• radical can then reinitiate
the polymerization. The newly formed P• polymer chain can
propagate or react with the transfer agent R-X or with the
dormant polymer chain P-X. In reversible transfer, the
concentration of the polymer chains is equal to the sum of
the concentrations of the transfer agent and of the consumed
initiator. Therefore, in DT, the contribution of the termination
is significantly lowered under appropriate conditions (i.e.,
low concentration of consumed initiator).

This section focuses on the fundamentals of ITP as first
called by Tatemoto140 and then named “DT” process with
alkyliodides by Matyjaszewski.168 The mechanistic under-
standing of ITP is first discussed followed by the reactivity
of several usual monomers toward iodocompounds in ITP.

4.1. Mechanistic Understanding of ITP
ITP is a DT polymerization requiring alkyl iodides.13,47

ITP was developed in the late 1970s by Tatemoto et
al.1,169-171 at the Daikin Company. The mechanism of ITP
with alkyl iodide is depicted in Scheme 11. The mechanism
can be described as follows.31 The initiating radical, A•,
generated by thermal decomposition of a conventional

Scheme 9. General Scheme of Reversible Activation in
CRP160

Scheme 10. Various Reversible Activation Processes
Involved as Key Steps in the Process of CRP

Scheme 11. Elementary Steps in ITP
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initiator (such as AIBN) in step a, adds onto M monomer,
and the resulting radical propagates (step b). The exchange
of iodine from the transfer agent, R-I, to the propagating
radical, Pn

•, results in the formation of the polymer alkyl
iodide, Pn-I, and a new initiating radical, R• (step c). Large
differences in the stability of the reactants and products
involved in step c could result in shifting the equilibrium
overwhelmingly to the right [K(c) > 1] or to the left [K(c) <
1]. Therefore, the case when the structure of R closely looks
like that of the propagating radical results in a nearly
thermodynamically neutral transfer step [K(c) ) 1]. Activated
transfer agents [K(c) > 1] are preferred in order to create the
dormant polymer chains early in the process. Poor transfer
agents [K(c) < 1] would result in a slow generation of new
polymer chains all along the process, broadening the mo-
lecular weight distribution. In step d, R•, generated from the
alkyl iodide or the Pn•, adds onto a monomeric unit and
propagates. The exchange process described in step e is
thermodynamically neutral because Pn and Pm propagating
chains have the same structure [it is the so-called DT reaction
whose corresponding equilibrium constantK(e) is worth 1].
As in any radical process, the termination occurs in ITP
polymerization (step f). Minimizing the termination step
remains essential to keep a good control of the polymeriza-
tion. Ideally in ITP, to obtain polymer with a narrow molar
mass distribution, the rate of exchange should be higher than
that of the propagation.13,15 The ratio between transfer and
propagation rates is called transfer constant,CT, which gives
the intrinsic reactivity of the transfer agent.

Several techniques afford the calculation ofCT value. This
is actually a crucial parameter to target the macromolecular
architectures of the resulting oligomers. Noteworthy, this
mechanism may be modified by using high temperature or
UV, because the C-I bond may be cleaved to give P• and I•

radicals. This reaction corresponds to the decomposition of
the transfer agent. It was widely studied by Ameduri and
Boutevin53 concerning the synthesis of fluoro-oligomers
obtained in the presence of perfluorinated iodocompounds.
This process, which leads to low molar mass oligomers, has
been deeply investigated in section 3.

4.1.1. Determination of the Transfer Constants
Several laws enable the assessment of the transfer constant

value for conventional telomerization reactions.172 For CRPs,
such as ITP or RAFT, the assessment becomes more complex
because the dormant chains also act as further transfer agents
(Scheme 11). In the ITP mechanism, two different transfer
reactions occur and it is necessary to well-differentiate these
two reactions: (i) The first one is based on the transfer agent
itself and is defined by the transfer constantCT1 (CT1 )
kT1/kp); CT1 actually measures the activity of the iodinated
transfer agent. (ii) The second one occurs between two
polymer chains (DT) and is defined by the exchange constant
Cex (Cex ) kex/kp). Unlike CT1, Cex is characteristic of the
DT (i.e., the evolution of the molecular weight distribution
vs monomer conversion). Noteworthy, an increase ofCex

leads to a lower PDI of the polymer chains.
Both of these constants are difficult to determine separately

because the transfer reaction and the DT occur simulta-
neously. Nevertheless, it can be noted that if the iodinated
transfer agent shows a similar structure to that of the polymer
chains,CT1 andCex might be very close.

In the literature, different methods to obtain the transfer
constants are mentioned and are reported below. However,
these methods allow the determination of eitherCT1 or Cex.

Determination of CT1. Various methods are available to
assessCT1. The method of Mayo173 is based on the deter-
mination of the molar mass (or DPn) vs [M]0/[CTA]0 for low
monomer conversion (<10%). This method is used to
calculate CT1 of solvents or telogens, according to the
following equation assuming a negligible contribution of the
initiator (eq 5):

where [M]0, [CTA]0, DPn,0, and CT1 represent the initial
monomer and transfer agent concentrations, the number
average degree of polymerization (DPn) at low conversion,
and the chain transfer constant, respectively. This equation
is usually applied for radical telomerizations.66 However,
because DT does not create new polymer chains, it means
that this method can also be used in ITP to assessCT1 what-
ever theCex value. For instance, Lansalot et al.174 used this
method to determine the transfer constant of perfluorohexyl
iodide in bulk Sty polymerization initiated byR,R-azobis-
(isobutyronitrile) at 70°C and found a value ofCT1 ) 1.4.

The method of O’Brien175 is based on the determination
of the transfer agent consumption vs monomer conversion
(eq 6).

After integration, it gives eq 7:

wherep andq are the conversions of monomer and transfer
agent, respectively.

Again, because DT does not interfere with the consumption
of transfer agent and monomer, this method can be used in
ITP to determineCT1, whatever theCex value. For instance,
Kowalczuk-Bleja et al.176 studied the polymerization of Sty
initiated by AIBN at 83°C in the presence of benzyl iodide
as the transfer agent and plotted Ln([M]0/[M]) and Ln-
([CTA]0/[CTA]) vs time. Although the authors did not use
these data further to assess the transfer constant, a value of
CT1 = 2 could be calculated for this system.

An alternative method based on the evolution of the DPn

with monomer conversionp can also be mentioned66 (eq 8):

This latter equation holds for low values ofCT1 (typically
CT1 e 1) (for CT1 . 1, the DPn value approaches DPn )
[M] 0 × p/[CTA]0 from low monomer conversion and,
therefore, this method is not suited to calculateCT1 in this
case). For instance, Teodorescu30 applied this method to the
polymerization of Sty initiated by AIBN in benzene at 60
°C and obtained a value ofCT1 ) 0.46 for vinyl iodoacetate
as the transfer agent.

Determination of Cex. The experimental determination of
Cex requires the use of a macromolecular transfer agent with
the same structure as the dormant polymer chains, i.e., an
oligomer with an iodinated chain end (P0-I), to act as a DT
agent in the CRP. Indeed, the use of such a macrotransfer
agent P0-I simplifies the system sinceCT1 ) Cex.

Lacroix-Desmazes et al.177 used poly(methyl acrylate)-I
oligotransfer agent in the polymerization of methyl acrylate.
The degree of polymerization of the oligotransfer agent was

DPn,0 ) [M] 0/(CT1 × [CTA]0) (5)

(Rp/[M])/( Rtr/[CTA]) ) kp/ktr ) 1/CT1 (6)

CT1 ) ln([CTA]0/[CTA])/ln([M] 0/[M]) )
ln(1 - q)/ln(1 - p) (7)

CT1 ) ln{1 - (p[M] 0/([CTA]0DPn))}/[ln(1 - p)] (8)
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very low (DPn = 2) as compared to the DPn,0 ) 129
determined by size exclusion chromatography (SEC) at very
low conversion; therefore, the method of Mayo could be used
(eq 9):

Thus, a DT constant value ofCex ) 2.2 was obtained for
poly(methyl acrylate)-I at 70 °C. It is worth mentioning
that the value ofCex could be chain length-dependent,
especially for a low degree of polymerization. Indeed, al-
though of similar structure, the transfer constantCex,i ) kex,i/
kp of a transfer agent of very low degree of polymerization
i could be different from the transfer constantCex,j ) kex,j/kp

of a transfer agent of higher degree of polymerizationj. The
effect of chain length dependence ofkp can be neglected
because the propagating radicals involved in the transfer step
are of a relatively high degree of polymerization (DPn,0 )
129 in the example discussed above and thuskp = kp,∞).

Goto et al.15,178used a poly(styrene)-I macrotransfer agent
of Mn,H-NMR ) 1900 g mol-1 in the polymerization of Sty.
They first employed the method of O’Brien and Gormick to
determineCex. The consumption of the macrotransfer agent
was monitored by the peak resolution of SEC analyses (eq
10):

where p and r are the conversion of monomer and mac-
rotransfer agent, respectively.

Goto et al.15,178 have also shown that it is possible to
determineCex by an alternative approach based on the
analysis of the evolution of polydispersities at an early stage
of polymerization. The polymerization product is viewed as
an A-B diblock copolymer with subchains A and B referring
to P0-I and the incremental part of the molecule, respec-
tively. Hence, a rather complex procedure has been used
based on eqs 11 and 12:

and

whereY ) (xw/xn) - 1, YK ) (xw,K/xn,K) - 1, wA ) 1 - wB

) xn,A/xn, xn ) xn,A + xn,B, andxn andxw are the number and
weight average degrees of polymerization withK ) A or B.
In both cases (peak resolution and polydispersity analysis),
Goto et al. obtained a value ofCex ) 3.6 in bulk polymer-
ization of Sty at 80°C.

4.1.2. Influence of the Values of the Transfer Constants
CT1 and Cex onto Molar Mass and Polydispersity

The number average molecular weight (Mn) is given by
eq 13:

wherep is the fractional monomer conversion, [M]0 is the
initial monomer concentration,Mmonomer is the molecular
weight of the monomer,q is the transfer agent conversion,
[CTA]0 is the initial concentration of transfer agent,a is the

mode of termination (1 for termination by combination, 2
for termination by disproportionation),f is the initiator
efficiency, [In]0 is the initial initiator concentration, and [In]p

is the initiator concentration atp.
DT does not influence the number of polymer chains;

therefore,Cex has no effect on theMn. The value ofCT1

determines the evolution of theMn as follows66,179 (eq 14):

which can be simplified if the contribution of the initiator is
neglected (eq 15):

whereCT1 is the transfer coefficient of the transfer agent.
For CT1 ) 1, the monomer conversion equals the transfer

agent conversion at any time of the polymerization (p ) q)
and Mn is almost constant (Mn ) [M] 0Mmonomer/[CTA]0 if
the contribution of the initiator is neglected) (Figure 2). For

CT1 < 1, theMn decreases when the monomer conversion
increases because new polymer chains are continuously
generated. ForCT1 > 1, theMn increases when the monomer
conversion increases.

It is more difficult to assess the effect of the transfer
constantsCT1 and Cex on the evolution of the PDI of the
polymer chains. Mu¨ller et al.180 studied the particular case
of CT1 ) Cex, but their equation (eq 16) can only be
considered as a first approximation since it does not consider
radical termination:

Monteiro179 used a numerical simulation to predict the
evolution of PDI with conversion in RAFT polymerization
(another type of DT polymerization) in the same particular
case of a unique transfer constant value. The simulations of
Monteiro matched well the equations of Mu¨ller et al. forMn

and PDI vs conversion. The results show that at a high value
of transfer constant (Cex ) 1000), the PDI starts high and
decreases rapidly down to 1.03, resulting in polymer chains
of nearly uniform chain length (Figure 3). As the transfer
constant is reduced toCex ) 5, the PDI decreases with

DPn,0 ) [M] 0/(Cex× [CTA]0) (9)

Cex ) ln([P0-I] 0/[P0-I])/ln([M] 0/[M]) )
ln(1 - r)/ln(1 - p) (10)

Y ) wA
2YA + wB

2YB (11)

[YB - (1/xn,B)]
-1 ) Cex[p/(2 - p)] (12)

Mn ) (p[M] 0Mmonomer)/
{(q[CTA]0) + af([In] 0 - [In]p)} (13)

Mn ) (p[M] 0Mmonomer)/

{[CTA]0[1 - (1 - p)CT1] + af([In] 0 - [In]p)} (14)

Mn ) (p[M] 0Mmonomer)/{[CTA]0[1 - (1 - p)CT1]} (15)

Figure 2. Evolution of molecular weightMn with monomer
conversion for different values ofCT1 according to the equation
Mn ) (p[M] 0Mmonomer)/{[CTA]0[1 - (1 - p)CT1]} (conditions: [M]0/
[CTA]0 ) 100, Mmonomer) 104 g mol-1).

PDI ) {1+([M] 0/[CTA]0)[2 + (2 - p)(1 - Cex)/Cex]}/

{p[M] 0/([CTA]0[1 - (1 - p)Cex])} (16)
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conversion at a much slower rate, finishing at 1.23. At a
value of Cex ) 1, the PDI remains constant at 2 over the
conversion range. Finally, at low value of transfer constant
(Cex ) 0.5), the PDI remains constant at 2 for a while and
then increases up to 2.5 at high monomer conversion.

Interestingly, at total conversion (p ) 1), the PDI is given
by a simple equation (eq 17):

which simplifies further for high values of [M]0/[CTA]0 (eq
18):

4.2. Halogenated Monomers Used in ITP
This part is devoted to the fluorinated and chlorinated

monomers involved in an ITP. Only few halogenated
monomers were actually used in such a process. The
literature essentially reports the ITP of VDF and of vinyl
chloride.

4.2.1. Fluorinated Monomers
On the basis of well-selected monomers, ITP can easily

be applied to fluorinated alkenes. Indeed, Tatemoto et al.181

have been succeeding since they pioneered this approach in
1980 on VDF and VDF/HFP. Noteworthy, basic similarities
in this controlled polymerization system are found in the
stepwise growth of polymer chains with each active species.
The active propagating center, generally located in the end
groups of the growing polymer, has the same reactivity at
any time in the course of the polymerization even when the
reaction is stopped.148 In the case of ITP of fluoroalkenes,
the terminal active bond is always the C-I bond originating
from the initial iodine-containing CTA and monomer, as
follows:

Tatemoto et al.182,183 used peroxides as other classical
initiators of polymerization in solution involving usually
perfluorinated or chlorofluorinated solvents or in emulsion
processes while miniemulsion was successfully chosen by
Ausimont.184 Improvement was also possible by using diiodo-

182 and polyiodocompounds.185 Molar masses were claimed
to be in the 30000-10000000 range; yet, polydispersities
were narrow (1.2-1.3).182,183

Several investigations have shown that ITP can also occur
in various processes: emulsion, solution, or later by mini-
emulsion.174 This is not extensively described here, but
several articles and patents of Tatemoto143,181,186or from
DuPont142 or Ausimont141,187 have been reported, using
ammonium persulfate as the initiator and involving TFE,
VDF, and HFP as the monomers.

The first fluoroelastomers produced by ITP, which could
be peroxide-curable leading to commercially available Dai-
El,186 were developed by Daikin (and now mainly by its
subsidiary called Dai-Act). Such a polymer is stable up to
200°C and finds many applications in high technology such
as in O-rings and gaskets,181,183transportation, and electron-
ics.

The low efficiency of C6F13I as a transfer agent in emulsion
polymerization is explained by a slow rate of diffusion of
the hydrophobic perfluorinated transfer agent through the
water phase, from the monomer droplets to the active latex
particles. This problem was overcome in miniemulsion
polymerization where the transfer agent was directly located
in the polymer particle.

Iodine transfer polymerization is one of the scarce methods
that makes it possible to control the polymerization of
fluoroalkenes such as TFE or VDF. Iodine-containing
compounds have been used for a long time as CTAs in
telomerization. However, the controlled character of the
polymerization carried out in the presence of alkyl iodides
was revisited.42,182,188A large variety of branched or linear
RFIs143or IRFIs188and even polyiodides185have been involved
in ITP of fluoroalkenes.53

Recently, our team189 extensively studied the ITP of VDF
in solution by first investigating the defect of VDF chaining
and then by evidencing the controlled radical behavior of
such a polymerization. To this aim, ITP of VDF189 was
carried out at 75°C in the presence of perfluorohexyl iodide
(C6F13I) and two populations were observed, as depicted in
Figure 4. The first one consists of the normal head-to-tail
-CH2CF2-CH2CF2- VDF chaining (major), while the
second one arose from the reverse head-to-head-CH2CF2-
CF2CH2- addition followed by a transfer step. We showed
that the -CH2CF2I functionality regularly decreased for
higher targeted DPn and became even minor as compared to
that of the-CF2CH2I functionality from DP25 (Table 6).
Going further, the fractionation of produced poly(vinylidene
fluoride) (PVDF)-I (DP25) was carried out and evidenced
the absence of-CH2-CF2I for fractions containing low
DPn telomers. To understand such a behavior, ITP of VDF
was also carried out in the presence of 1,1,2,2-tetrafluoro-
3-iodopropane at 75°C. Such a CTA was chosen since
it exhibited a VDF end unit (HCF2-CF2CH2-I). In that
case, the polymerization led to higher defects of VDF
chaining and to uncontrolled DPn.

Finally, the kinetics189 of ITP of VDF were achieved in
the presence of several fluoroiodinated transfer agents, i.e.,
perfluorohexyl iodide C6F13I, 1,1,2,2-tetrafluoro-3-iodopro-
pane HCF2CF2CH2I, and C6F13CH2CF2I. The variation of DPn
vs the monomer conversion is presented for each CTA in
Figure 5.

It was noted that experimental DPn linearly increased with
VDF conversion when R-CF2I transfer agents were used,
which evidenced the controlled character of the VDF radical

Figure 3. Evolution of PDI with monomer conversion for different
values of DT constantCex, in the particular case ofCex ) CT1,
according to the equation PDI) {1 + ([M] 0/[CTA]0)[2 + (2 -
p)(1 - Cex)/Cex]}/{p[M] 0/([CTA]0[1 - (1 - p)Cex)]} (conditions:
[M] 0/[CTA]0 ) 100).

PDI ) 1 + [CTA]0/[M] 0 + 1/Cex (17)

PDI = 1 + 1/Cex (18)

CnF2n+I-I + (p + 1)H2CdCF298
R• or ∆

CnF2n+1(C2H2F2)psCH2CF2-I
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polymerization. Indeed, experimental DPn values perfectly
fit with the theoretical ones (straight line). In the case of
R-CH2I transfer agent, a poor control of the polymerization
was observed. Interestingly, the transfer constantsCT1 were
determined for each iodinated transfer agent from the
O’Brien’s method175,190 presented in section 4.1.1. For
R-CF2I transfer agents, the transfer constants were calcu-
lated about 7.5, whereas for R-CH2I, the CT1 transfer
constant was about 0.2. However, for R-CF2I transfer
agents,CT1 ≈ Cex because the transfer agent has a structure
close to that of the dormant polymer chains. In the case of
R-CH2I, the process is actually a telomerization as only one

transfer reaction occurs, i.e., transfer of R-CH2I onto the
macromolecular chain.

These values are in good agreement with the assumptions
given in the mechanistic understanding of ITP (see section
4.1.2); that is, whenCex is higher than 1, a controlled
character is observed. These transfer constant values perfectly
assess the different reactivity of-CF2I and -CH2I end
groups; the former enable a CRP of VDF.

4.2.2. Chlorinated Monomers
Among halogenated monomers, chlorinated monomers

such as vinyl chloride and vinylidene chloride have been

Figure 4. 19F NMR spectrum of the poly(vinylidene fluoride)-I (recorded in deuterated acetone) [average degree of polymerization (DPn)
) 13] obtained by ITP of VDF with C6F13I.189 Experimental conditions of ITP of vinylidene fluoride with C6F13I: [VDF] 0:[C6F13I] 0:[tert-
butylperoxypivalate]0 ) 100.0:6.6:0.6 at 75°C. Reprinted with permission from ref 189. Copyright 2005 American Chemical Society.

Table 6. Summary of Average Degree of Polymerization (DPn) for Various Concentrations in CTA (C6F13-I) for the Polymerization of
VDF189a

functionalityexp

-CF2-I
(%)

-CH2-I
(%) functionalitytheo

run

concn ratiosb
[VDF]0:[chain

transfer agent]0:
[tert-butylperoxy-

pivalate]0
targetedDPn

c

(R ) 100)
exp
DPn

d
RVDF

e

(%) 19F 1H 19F 1H
-CF2-I

(%)f

M1 100.0:11.0:1.1 9 6 70 75 78 25 22 77
M2 100.0:10.0:1.0 10 9 90 68 65 32 35 66
M3 100.0:6.6:0.6 15 13 70 60 55 46 35 54
M4 100.0:3.3:0.3 30 25 75 28 29 72 71 29

a Reprinted with permission from ref 189. Copyright 2005 American Chemical Society.b Temperature, 75°C. c Calculated by DPn,0 ) ([M] 0 ×
R)/(CT1 × [CTA]0). d Determined by19F NMR: DPn ) (∫CF2

-91.0ppm/2 + ∫(CF2
-38.0ppm+ CF2

-108.0ppm)/2 + ∫CF2
-112.0ppm/2)/(∫CF3

-82.0ppm/3) and1H
NMR DPn ) (∫CH2

2.5ppm+ ∫CH2
3.0ppm+ ∫CH2

3.3ppm+ ∫CH2
3.6ppm+ ∫CH2

3.9ppm)/(∫CH2
3.3ppm). e Conversion of monomer measured by gravimetry:

RVDF ) (weightpolymer)/(weightmonomer+ weightC6F13I) × 100. f Determined by theoretical functionality in CF2-I ) (ψ)(n-1).
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widely used in the manufacture of industrially important
polymers. Barnes37 patented a process where iodoform (CHI3)
was used as a CTA (CT1 ) 0.75) to obtain poly(vinyl
chloride) (PVC) of low molar mass. Low molar mass
polymers were targeted to improve the polymer solubility
in solvents and to decrease the processing temperature during
the fabrication of shaped articles (by molding or extrusion)
or films (by solvent casting and extrusion) or for textile and
paper coatings. Iodoform was used at a concentration lower
than 1 wt % vs monomer to avoid delay of the polymeri-
zation but higher than 0.2 wt % to give a satisfactory
reduction of the molar mass of the polymer. For instance,
emulsion polymerization of vinyl chloride initiated by
ammonium persulfate at 65°C in the presence of iodo-
form gave a PVC latex in high yield (70%) with a lower
molar mass than that arising from a reference experiment,
which did not involve any iodoform. However, the iodocom-
pound was used as a traditional transfer agent without
mentioning the possible controlled nature of the polymeri-
zation.

Klinkenberg et al.191 described the polymerization of vinyl
chloride at low temperature (typicallyT ) -15°C) and used
secondary alkyl iodides (such as 2-iodopropane) to reduce
the molar mass of the polymer ordinary formed in this
temperature range. The polymerization was carried out in
bulk in the presence of a redox initiating system (such as
triethyl borane/hydroperoxide).

Later on, Tatemoto et al.143 patented a process to prepare
segmented copolymers, thus illustrating the controlled nature
of ITP. For instance, concerning chlorinated polymers, the
preparation of a poly(VDF-co-HFP)-b-PVC block copolymer
is claimed in dispersed media. The first block is a fluorinated

copolymer of HFP and VDF prepared by iodine transfer
copolymerization in emulsion with perfluoroisopropyl iodide
as the transfer agent. The iodo-containing fluoropolymer latex
is then used to grow the second block of PVC by seeded
emulsion polymerization.

In 1994, Bak et al.17,18claimed the CRP of vinyl chloride
by ITP in the presence of alkyl iodides as transfer agents.
The authors particularly focused on 1-chloro-1-iodoethane
(see section 2.1), which was used as a transfer agent to
control the molar mass and to decrease the PDI of PVC
prepared by suspension polymerization. A similar process
was patented by Wang et al.192 to prepare PVC with a very
low degree of polymerization.

More recently, Percec et al.153 investigated CRP of vinyl
chloride and proposed a process based on the use of alkyl
iodides such as iodoform (CHI3) as the initiator in the
presence of metals in their zerovalent oxidation state. This
was a first step toward metal-catalyzed CRP of vinyl
chloride. However, because the polymerization of vinyl
chloride was dominated by chain transfer to monomer rather
than bimolecular recombination, the classical persistent
radical effect could not occur. Therefore, zero valence metals
such as Cu(0) catalyzed the radical polymerization of vinyl
chloride only up to 20% conversion by a combination of
metal-catalyzed initiation and degenerative chain transfer
processes. The process was then improved by using Cu(I)
complexes at room temperature in a two-phase system
containing water and tetrahydrofuran.193 In these conditions,
both Cu(0) and Cu(II)X2 (X ) Cl, I) species, required to
control the polymerization, were generated in situ by
the disproportionation of the Cu(I) species in water. Indeed,
the low polymerization temperature for this process was
the result of the single electron transfer (SET) mechanism
of activation of the-CHClI dormant chains by electron
donor Cu(0).194,195 The SET mechanism was also possible
in the absence of transition metal, for instance with sodium
dithionite Na2S2O4 or thiourea dioxide [(NH2)2CdSO2] as
catalyst, in the presence of iodoform as the initiator,
and sodium hydrogenocarbonate as a buffer.196-198 The
new CRP process proceeded by a combination of competi-
tive SET and degenerative chain transfer. Authors used
this combination of SET and ITP to synthesize diiodo PVC199

(Scheme 12). Finally, the polymerization can be ac-
celerated by using electron transfer cocatalyst such as
1,1′-dialkyl-4,4′-bipyridinium dihalides or alkyl violo-
gens.198,200

Fewer reports are available on the polymerization of
vinylidene chloride. Lacroix-Desmazes et al.201,202 studied
the radical copolymerization of vinylidene chloride and
methyl acrylate (in 80/20 feed molar ratio) initiated by 2,2′-
azobisisobutyronitrile (AIBN) in the presence of 1-phenyl
ethyl iodide as the CTA. A copolymer of molar massMn )
8700 g mol-1 (Mn,theoretical) 7100 g mol-1) and PDI) 2.06
was obtained. The poly(vinylidene chloride-co-methyl acry-
late)-I copolymer was successfully used in block copolym-
erization of Sty to prepare an original poly(vinylidene
chloride-co-methyl acrylate)-b-polystyrene block copolymer
of Mn ) 26100 g mol-1 (Mn,theoretical) 25900 g mol-1) and
PDI ) 1.77. These results evidenced the controlled character
of the iodine transfer copolymerization of vinylidene chloride
and methyl acrylate.

4.3. Nonhalogenated Monomers Used in ITP
Only few nonhalogenated monomers have been success-

fully polymerized by ITP, mainly styrenics, (meth)acrylates,

Figure 5. Variation of the average degree of polymerization in
number (DPn) vs the monomer conversion for ITP of VDF
performed with different CTAs and at two temperatures. (a) C6F13I
([) and C6F13CH2CF2I (/) at 75 °C. The dotted straight line
represents the theoreticalDPn. (b) HCF2CF2CH2I at 75°C (9) and

135°C (2). The dotted straight line represents the theoreticalDPn.
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and vinyl acetate (VAc). Each monomer and its derivatives
need to be studied independently since their reactivity is
related to an appropriate transfer agent. The optimal condi-
tions (temperature, solvent, etc.) to reach a controlled process
also vary with the nature of both the monomer and the
transfer agent and are discussed below.

4.3.1. Styrenics

In the iodine-mediated DT method, Sty and its derivatives
are probably the most investigated monomers. Sty was first
successfully studied in bulk by Gaynor and co-work-
ers.13,47,48,203These authors carried out a conventional radical
polymerization initiated by AIBN or dibenzoyl peroxide
(BPO) alone at 70°C and performed the same reaction in
the presence of a DT agent, namely, phenyl-ethyliodide.48

In the first case, polymers with high molar masses were
obtained (≈100000 g/mol) whereas low molar masses were
observed when the transfer agent was used. However, in that
latter case, the observed molar masses were higher than the
expected ones. Authors attributed this behavior to an
insufficient rate of DT as compared to that of the propagation.
Interestingly, they also found polydispersities of about 1.4.

The same team optimized the conditions of the ITP
reaction, i.e., by varying the temperature, the initiator, and
the transfer agent concentrations.47 They showed that a higher
temperature (80°C) led to an accelerating rate of polymer-
ization for high conversions, arising from an increase of the
viscosity. Finally, increasing the amount of transfer agent
slowed the polymerization. Authors attributed this behavior
to the generation of I2, acting as an inhibitor in ITP.

After establishing the best conditions to perform the
polymerization (i.e., initial concentrations [A2]0 ) 0.03 M;
[RX]0 ) 0.1 M), various transfer agents were used to explore
their effect onto the control of the molar mass (Table 7).13

The chosen transfer agents were iodomethanes, RFIs, alkyl
iodides, phenyl iodides, and iodoacetonitrile. By gathering
molar masses, PDIs, and conversions vs time, these authors
discussed the role of the R substituent in R-X (where X
represents an iodine atom).

Table 7 summarizes several data obtained from each
transfer agent.13 It is noted that phenyl-ethyl iodide, iodoform,
RFIs, and iodoacetonitrile led to the narrowest polydispersities
for dependencies ofMn upon conversion close to the targeted
molar mass. For the successful transfer agents, the R group
was able to stabilize the formed radical by inductive or
resonance effects. This stabilization results in a transfer
comparable to the propagation for Sty, giving a suitable
control. On the other way, iodobenzene behaves as a poor
transfer agent related to Sty, indicating that the rate of transfer
is lower than that of the propagation. However, by inserting
a methylene group between the phenyl ring and the iodine
atom (i.e., benzyl iodide), the control of the Sty polymeri-
zation was achieved. Kowalczuk-Bleja et al.176 carried out
the ITP of Sty with benzyl iodide at 83°C and confirmed
that this reaction proceeded in a controlled way (Figure 6).

Figure 6 shows that molar masses ranged between 1500
and 4500 g/mol for PDI values up to 1.5. Indeed, the benzyl
iodide radical seems stabilized enough to undergo transfer

Scheme 12. Synthesis ofr,ω-Diiodinated PVC by
Combination of ITP and SET199

Table 7. Use of Various Alkyl Iodides for the Bulk
Polymerization of Sty ([Sty]0 ) 1 M)13a

CTA
[CTA]0 )

0.1 M

initiator
[Ini] 0 )
0.03 M

temp
(°C)

time
(h)

conversion
(%)

Mn theo/
found

(g/mol) PDI

none AIBN 70 6 86 65500 3.7
BPO 80 3.5 97 40500 2.1

1-PEI AIBN 70 16 94 6580/7810 1.5
AIBN 50 39 92 6500/7830 1.4
AIBN 90 2 52 3670/5840 1.5
BPO 80 4.25 83 6570/7280 1.4

iodomethane BPO 80 3 93 7380/34500 2.1
diiodomethane BPO 80 5.5 91 7250/20140 2.0
iodoform BPO 80 5.5 80 6360/5120 1.4
carbon tetraiodide BPO 80 5.5 31 2480/390 1.0
n-propyl iodide BPO 80 3 99 7420/34050 2.2
isopropyl iodide BPO 80 3 86 6460/33730 2.0
tert-butyl iodide BPO 80 4.8 57 4300/25540 2.0
perfluorohexyl iodide BPO 80 4.5 94 7440/11200 1.5
iodobenzene BPO 80 4 98 8260/29700 2.0
1,4-diiodobenzene BPO 80 4.25 77 6050/33620 2.0
iodoacetonitrile BPO 80 4.5 83 6550/5800 1.4

a Reprinted with permission from ref 13. Copyright 1995 American
Chemical Society.

Figure 6. Polymerization of Sty in the presence of benzyl iodide
(BzI)176 at 83 °C initiated by AIBN. (a) Sty conversion vs time.
(b) Molar masses vs Sty conversion. Adapted with permission from
ref 176. Copyright 2004 Elsevier.
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comparable to propagation for Sty. To confirm this result,
Kowalczuk-Bleja et al.176 used polystyrene, from ITP of Sty
with benzyl iodide, as a macromolecular transfer agent for
the polymerization of Sty. The GPC chromatogram clearly
proved the chain extension and so the efficiency of benzyl
iodide for DT polymerization of Sty.

In 2001, Teodorescu30 investigated the DT polymerization
of Sty by using vinyl iodoacetate (VAcI) as the transfer agent
to lead to a new macromonomer. In fact, VAcI was chosen
for two reasons:30 (i) Its chain transfer ability to Sty might
be similar to that of iodoacetic acid (which has a transfer
constantCT1 of 0.8 at 68°C).204 (ii) In the copolymerization
process, there is no incorporation of VAcI into the polysty-
rene backbone. The formation of the macromonomer was
evidenced by1H NMR and especially by the presence of
the vinylic proton. Iodine atoms were then substituted by
azido groups to allow the subsequent graft copolymerization
of the macromonomer with VAc.

Most studies of DT polymerization of Sty were realized
in bulk and led to interesting results as shown above.
Furthermore, it is noted that further work was carried out
such as ITP of Sty in emulsion174 and miniemulsion205

polymerizations. Lansalot et al.174 performed the emulsion
polymerization of Sty in the presence of C6F13I at 70 °C
and obtained an unusually low efficiency of 50% for this
transfer agent. They assigned such a behavior to a slow
diffusion of perfluorohexyl iodide from the monomer droplets
to the active particles during polymerization. Thus, the same
system was carried out in miniemulsion process,174,205 and
100% efficiency was reached especially when Sty was added
continuously. Moreover, a linear increase of the molar mass
with monomer conversion was observed.

In addition, some styrenic derivatives were successfully
involved in the DT polymerization. It is the case for
p-chloromethylstyrene206polymerized at 80°C with iodoform
as the transfer agent to give controlled polymers ofMn about
15000 g/mol. The same group also synthesized controlled
polymers of methoxysilylmethylstyrene207 by also using
iodoform as a transfer agent in the same experimental
conditions. Scheme 13 shows styrenic derivatives success-

fully polymerized by ITP.176,206,207

4.3.2. (Meth)acrylates

Only a few companies patented the polymerization of
acrylates208 and methacrylates209-211 by using an iodinated
transfer agent. Kakei et al.208 successfully polymerized butyl
acrylate by using iodoacetic acid at 60°C, leading to
carboxy-terminated acrylate. The same authors210 claimed
the DT polymerization of MMA with benzyl iodide, the
resulting polymer being treated with aminopropyldiethoxy-
methylsilane to give an original alkoxysilyl-terminated poly-
(methyl methacrylate) (PMMA) having anMn and Mw/Mn

of 13000 and 1.74, respectively. These authors observed that
the introduction rate of alkoxysilyl group was 91%. Dong

et al.211 claimed thattert-butyl iodide was an efficient transfer
agent in the ITP of MMA.

However, the kinetics of ITPs of both acrylates and
methacrylates have so far only been described by Gaynor et
al.13 These authors also investigated the same study for butyl
acrylate, methyl acrylate, and methyl methacrylate (MMA)
as for Sty, described above, in the presence of 1-phenyl-
ethyliodide. They observed an acceleration for acrylates due
to a decrease of the termination rate constant over conversion,
resulting in broad polydispersities. However, in the case of
MMA, the molar masses did not increase with conversion
evidencing that the transfer to 1-phenyl-ethyliodide was much
slower than the propagation.

4.3.3. VAc
Unlike Sty or (meth)acrylates, the control of VAc poly-

merization by CRP has been so far considered highly dif-
ficult. It is especially due to high extent of transfer undergone
by a highly reactive propagating radical.212 Ueda first tried
the synthesis of poly(vinyl acetate) by DT polymerization
by using either iodoform213,214or iodoperfluorohexane.215-217

As a matter of fact, ATRP of VAc was proved to be
efficient by Sawamoto et al.218 These authors used an
iodoalkyl transfer agent activated by employing dicarbon-
ylcyclopentadienyliron. This catalyst, already involved in
ATRP with iodides,38,41,46,219induced the homolysis of the
C-I bond for both initiator and dormant polymer chain ends.
Indeed, Sawamoto’s studies involved both ATRP and ITP
since the dormant chains are iodine end capped.

Finally, the DT of VAc with alkyl iodides and without
any catalyst was reported by Iovu et al.31 in 2003. Poly-
(vinyl acetate) with controlled molar mass and relatively
narrow molar mass distributions was synthesized by using
ethyl iodoacetate as the transfer agent. The influence of both
initiator and transfer agent concentrations was investigated
to conclude that higher concentrations of both reagents were
required for a good control of the molar mass and lower
polydispersities. However, authors investigated an1H NMR
analysis of the chain end that revealed unstable iodo end
groups of poly(vinyl acetate). Indeed, during reaction, the
iodo end groups decompose into an aldehyde end group
(Scheme 14a,b). The decomposition mechanism was previ-
ously demonstrated by our group220 and by others work-
ers.221,222

4.4. RITP
CTAs used in ITP were iodoalkyl compounds (such as

2-iodo-perfluoropropane, 1-iodo-perfluorohexane, 1-iodo-1-
chloro-ethane, 1-phenylethyl iodide, methyl-2-iodopropi-
onate, and iodoacetonitrile), which are unstable due to the
weak C-I bond, and thus prone to alteration upon storage.

Scheme 13. Various Sty Derivatives Polymerized in
ITP176,206,207

Scheme 14. Hydrolysis (a) and Decomposition (b) of Iodo
End Group for Poly(vinyl acetate)31
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Furthermore, ITP of monomers involving tertiary propagating
radicals (such as methacrylates) was not successful13 because
it would require iodoalkyl compounds with a better leaving
group such as in ethyl 2-iodo-2-methylpropionate, although
such compounds are inherently even more unstable.223 To
overcome these limitations, Lacroix-Desmazes et al.202 have
proposed a new process based on a direct reaction of radicals
with molecular iodine I2. In this way, the reversible CTA is
generated in situ in the reaction mixture (Scheme 15). By

analogy with the reverse ATRP process where the alkyl
halide initiator (e.g., R-Cl) was in situ synthesized by
reaction of radicals with the complex in the oxidized state
(e.g., CuCl2/ligand),147 this new process was called RITP.

The reactivity of iodine is complex. Iodine has been
reported in different kinds of reactions. For instance, iodine
can react onto double bonds,224,225 initiate some ionic
polymerizations,226 and form acceptor-donor complexes.227

Molecular iodine I2 has already been reported as a strong
inhibitor in free radical polymerization. For instance, Bartlett
et al.228 monitored the monomer conversion for the peroxide-
induced polymerization of VAc and showed that iodine
behaved as an efficient inhibitor, the polymerization being
apparently totally arrested for a period in which iodine
stopped two chains per molecule. A possible interpretation
of the kinetics was proposed based on the formation of I3

•

radicals, which would react with growing chains, but this
hypothesis encountered some difficulties and no molar mass
data were supplied for the polymers after the inhibition
period. Bartlett et al.229 also established that iodine strongly
inhibits the free radical polymerization of Sty. In addition,
Ghosh et al.230 studied the thermal polymerization of MMA
initiated by AIBN in the presence of iodine, and by plotting
the reciprocal degree of polymerization 1/DPn vs molar ratio
[I 2]/[monomer] in a set of experiments, they concluded that
iodine (or some adducts it could give with the monomer)
acts as a CTA (Ctr ) 6, unfortunately expressed in terms of
transfer constant of iodine); however, the evolution of
monomer conversion with time was not investigated and the
authors did not mention any inhibition period. On the
contrary, Lissi et al.231 also studied the thermal polymeri-
zation of MMA initiated by AIBN and emphasized that
iodine was not consumed in a chain reaction but behaved as
an efficient inhibitor even at extremely low concentration.
However, after the inhibition period, no molar mass data of
the polymers were reported. There are no discrepancies and/
or contradictions between the conclusions of these studies
if the whole RITP process is considered. Indeed, RITP takes
advantage of the powerful inhibitor ability of iodine to
generate in situ the iodinated reversible CTAs A-Mn-I (n

g 0) where A, M,n, and I stand for the primary radical
fragment from the initiator, the monomer unit, the average
number degree of polymerization, and the iodine atom,202

respectively. The RITP mechanism can be described as a
conventional free radical polymerization using an effective
terminating agent. Typically, the RITP process is split into
two different periods (Scheme 15). During the first period,
primary free radicals A• arising from the initiator react
directly or indirectly (after few propagation steps) with iodine
I2 to form A-Mn-I telomers. If its reaction rate constant
with iodine is high (i.e., much faster than that of the
propagation), as expected from the values reported in the
literature for the bimolecular reaction of alkyl radicals with
iodine (k > 108 L mol-1 s-1 at 25 °C),232-234 this period
lasts until the quantitative consumption of iodine. Conse-
quently, for a high initial monomer-to-iodine ratio, the
monomer conversion during this period is essentially neg-
ligible. This is the reason why this period can be called the
“inhibition period”. After this inhibition period during which
the iodinated transfer agents are formed, the polymerization
follows the kinetics of a conventional free radical polym-
erization governed by degenerative chain transfer.178 The
theoretical average number degree of polymerization (DPn)
is given by eq 19 where∆[monomer], [I2]0, and∆[AIBN]
stand for the consumption of the monomer, the initial
concentration of iodine in the reaction medium, and the
excess amount of AIBN used to initiate and propagate the
polymerization, respectively.∆[AIBN] can be assessed by
kinetic analyses and is usually negligible as compared to the
2 × [I 2]0 term. Therefore, the theoretical molar mass of the
polymers prepared by RITP can be calculated by eq 20 where
MA-I stands for the molar mass of A-I adduct. This equation
is simplified assuming a high degenerative chain transfer
constant and a low fraction of dead chains. Alternatively, in
the case of rather low degenerative chain transfer constant
(but still higher than unity), a good approximation of the
molar mass can be given by eq 20 at high monomer
conversion.

Several patents based on the RITP process have been
recently deposited by Solvay235-237 and Akzo.39 Sekisui
Chemical238 reported a similar process to prepare styrenic
polymers with controlled structures. In our laboratory, the
RITP process was investigated by the survey of several
classes of monomers. RITP has been found to be a versatile
process since it efficiently provides controlled polymerization
for a wide range of monomers such as vinylidene chloride,
acrylates, methacrylates,R-fluoro acrylates, and Sty.177,202

Furthermore, RITP of acrylates was successfully performed
in a large variety of media (in bulk, toluene,R,R,R-
trifluorotoluene, anisole, methyl ethyl ketone, butyl acetate,
propylene carbonate, propionitrile, and dimethylformamide).
All of the considered solvents gave a reasonable control of
the final molar mass, indicating that RITP is a rather flexible
and robust process. Furthermore, first results on RITP of
n-butyl acrylate in aqueous emulsion showed that the molar
mass of the polymer can be tuned, indicating that the RITP
process should be applicable to heterogeneous processes,

Scheme 15. Simplified Mechanism of RITPa

a A•, radical from the initiator; I2, molecular iodine; M, monomer unit;
n, mean number degree of polymerization,kex, degenerative chain transfer
rate constant; andkp, propagation rate constant.

DPn ) ∆[monomer]/
(2 × [I 2]0 + ∆[AIBN]) = ∆[monomer]/(2× [I 2]0) (19)

Mn,theoretical) (mass of monomer)× conversion/
[2 × (moles of I2)] + MA-I (20)
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which are of major industrial importance.239,240For industrial
developments, a long inhibition period may be crippling.
Therefore, attempts were made to fasten the RITP process
by increasing the temperature.177 The results obtained with
n-butyl acrylate showed that the inhibition period can be
shortened efficiently (about 30 min at 95°C instead of more
than 15 h at 65°C for an initial [AIBN]0/[I 2]0 molar ratio of
1.9), thus decreasing the overall time of polymerization,
while keeping a good control of the final molar mass of the
polymer. Tables 8 and 9 list some results of the RITP of
methyl acrylate andn-butyl acrylate, respectively.

Recently, our team241performed the RITP of MMA. Figure
7 illustrates the controlled character of the polymerization,
with PDIs of about 1.6.

Finally, a poly(methyl acrylate)-b-polystyrene block co-
polymer (Mn,exp ) 13300 g mol-1 andMw/Mn ) 1.73) was
prepared by sequential RITP polymerization of methyl
acrylate followed by addition of Sty.177 The SEC analysis
of the block copolymer with two detectors (refractive index
and UV) showed an unimodal distribution with a visible shift
toward higher molar masses as compared to the macroini-
tiator, confirming that most of the poly(methyl acrylate)
chains were controlled and took part in the formation of the
desired block copolymer. A poly(vinylidene chloride-co-
methyl acrylate)-b-polystyrene block copolymer (Mn )
20000 g/mol,Ip ) 1.57) was also successfully prepared by
sequential RITP of vinylidene chloride and methyl acrylate
followed by ITP of Sty. Hence, the controlled nature of the
RITP process opens the door to a wide range of well-
designed macromolecular architectures.

4.5. Conclusion

ITP was the first CRP discovered in the late 1970s. Like
the RAFT polymerization, the ITP mechanism is based on a
DT and requires a CTA, able to start the polymerization.
The ITP mechanism is characterized by two transfer con-
stants,CT1 andCex, attributed to the transfer of the CTA and
the DT, respectively. Several mathematical methods, e.g.,
Müller’s method, allow the assessment of the transfer
constants, but none of them afford the simultaneous deter-
mination of both constants. These transfer constant values
are of high importance because they characterize the
controlled behavior of the polymerization.

Furthermore, the polymerization of most of the vinylic
monomers remains efficient in the ITP process. For instance,
for halogenated ones, the radical polymerization of VDF was
proved to be controlled in the presence of perfluorinated
transfer agent. Percec199 also performed the CRP of vinyl
chloride by a combination of ITP and SET. Concerning the
nonhalogenated vinylic monomers, styrenic and acrylates
were efficiently polymerized by the ITP process. The
polymerization of VAc also behaved in a controlled way in
the presence of alkyl iodides, but a decomposition of the
iodo end groups occurs during the reaction. Only the
polymerization of MMA does not show any controlled
behavior in ITP. On this basis, our group developed the RITP
that involves molecular iodine. Unlike ITP, RITP shows an
inhibition period corresponding to the in situ formation of
the alkyl iodide transfer agent. Increasing the temperature
can, however, shorten this inhibition period. RITP was
demonstrated to be efficient toward acrylates and MMA
among others. Because it is based on simple molecular
iodine, this new technique will allow soon the CRP of

Table 8. Polymerization of Methyl Acrylate by RITP ([MA] ) 5.26 M) in Benzene ([Benzene]) 5.88 M) at 65 °C in the Presence of
AIBN as Initiator 177a

h g mol-1

run
Mn,targeted

(g mol-1)
[AIBN]/

[I 2] tloss of coloration tinh,theo.
b tpol

Rc

(%) Mn,theo.
d Mn,exp.

e PDI

1 5700 1.7 26 27 45 97 5500 5700 1.79
2 10700 1.7 22 27 45 98 10500 10900 1.91
3 21100 1.7 30 27 45 98 20700 21800 1.98

a Reprinted with permission from ref 177. Copyright 2005 American Chemical Society.b Calculated bytinhibition,theo. ) -Ln{1 - [I 2]0/(f ×
[initiator]0)}/kd with kd ) 1.90× 10-5 s-1 and f ) 0.7. c Determined by1H NMR in CDCl3: fractional conversion) 1 - I1/I2 where the integral
I1 refers to the resonances at 6.4 ppm (HA), 6.1 ppm (HB), and 5.8 ppm (HC) (3H, HAHCCdCHB-, Jtrans ) 17.3 Hz,Jcis ) 10.3 Hz, andJgem ) 1.4
Hz) and the integralI2 refers to the resonances at 3.5-3.8 ppm (3H,-OCH3, singlet+ broad peak).d Calculated byMn,theoretical) (mass of monomer)
× conversion/[2× (moles of I2)] + MA-I whereMA-I ) Mchain ends) 195 g mol-1. e Determined by SEC with polystyrene standards and calculated
with Mark-Houwink coefficients of polystyrene (K ) 11.4× 10-5 dL g-1, R ) 0.716) and poly(methyl acrylate) (K ) 19.5× 10-5 dL g-1, R )
0.660).

Table 9. Polymerization ofn-Butyl Acrylate by RITP at Various
Temperatures, 80% w/v vs Butyl Acetate as Solvent ([n-BuA] )
3.30 M) in the Presence of AIBN as Initiator with [AIBN]/[I 2] )
1.9177a

h g mol-1

run T (°C) tloss of coloration tpol. R (%)b Mn,theo
c Mn,exp

d PDI

1 65 >15 24 97 10300 12600 2.16
2 85 ≈1.66 5 95 9500 10000 1.85
3 95 ≈0.5 1 95 9200 8600 1.88

a Reprinted with permission from ref 177. Copyright 2005 American
Chemical Society.b Determined by1H NMR. c Calculated byMn,theoretical

) (mass of monomer)× conversion/[2× (moles of I2)] + MA-I where
MA-I ) Mchain ends) 195 g mol-1. d Determined by SEC with polystyrene
standards and calculated with Mark-Houwink coefficients of poly-
styrene (K ) 11.4× 10-5 dL g-1, R ) 0.716) and poly(n-butyl acrylate)
(K ) 12.2× 10-5 dL g-1, R ) 0.700).

Figure 7. Polymerization of MMA by RITP atT ) 80 °C in
toluene (Mn,targeted) 20 200 g mol-1). Evolution of molar masses
Mn (9) and PDIMw/Mn (0) vs monomer conversion.241 Experi-
mental values determined by SEC analysis (PMMA calibration).
Theoretical line (full bold line) calculated byMn,theoretical) [MMA] 0
× MMMA × conversion/(2× [I 2]0) + MA-I, whereMMMA ) 100 g
mol-1 and MA-I ) Mchain-ends ) 195 g mol-1. Adapted with
permission from ref 241. Copyright 2006 American Chemical
Society.
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original monomers, which would require specific iodinated
transfer agents in an ITP process.

5. Applications of Iodinated Compounds
Fluorinated compounds have unique properties, such as

surface activity and weak interaction,53,242,243which makes
them suitable for a wide range of high-tech applications.
These compounds are precursors of various functional
intermediates bearing a perfluoroalkyl group, such as flu-
orinated acrylates, surfactants, etc. Indeed, on an industrial
scale, the synthesis of perfluoroalkanes is possible by two
processes. These processes used in the manufacturing of
fluorinated surfactants are based either on electrochemical
fluorination (ECF) or on telomerization.36,53,244In the former
process (Scheme 16), the substance to be fluorinated is

dissolved in hydrofluoric acid (HF) and an electrical current
is passed through the media. This process, also called the
“Simons’ process”, pioneered in 1957, enables the synthesis
of different perfluorinated carboxylic acids, perfluoroalkane-
sulfonyl fluorides, and the derivatives of such products.

The second process is the telomerization of TFE. Such a
process is used in the industrial synthesis of perfluoroalky-
liodides and ofω-perfluoro alcohol or perfluoroacid (Scheme
17). The first step concerns the synthesis of the telogen,

perfluoroethyliodide, by reacting TFE onto [I-F] generated
in situ from I2 and IF5. Telomerization of TFE results in a
mixture of telomers containing an even carbon number of
the general structure: F(CF2CF2)n+1-I.

To our knowledge, the only industrial applications of
iodocompounds consist of the synthesis of fluorinated
molecules or polymers, bearing a functional end group. For
instance, Dupont de Nemours245 (which bought the Atofina
activities in that field), Clariant, Asahi Glass, or Daikin
synthesized new organic molecules (Scheme 18) as well as
fluoropolymers with remarkable properties, such as TPEs246,247

or surfactants.112-114,244,248

(Perfluoro)iodocompounds lead to industrial products,
following two distinct routes: (i) by direct chemical modi-
fication of (perfluoro)iodocompounds or (ii) by (controlled)

radical polymerization with (perfluoro)iodocompounds as the
transfer agents.

5.1. Synthesis of Fluorinated Oligomers from
Iodinated Compounds

The chemical modification of perfluoroiodocompounds has
led to many investigations from academic and industries and
have already led to various industrial applications for
surfactants, coatings, textile finishing, surface modifiers,
optical fibers, etc. Nonexhaustive examples are supplied
below.

5.1.1. Synthesis of New Functional Precursors

The chemical modification of iodocompounds has been
widely studied by many authors. Ame´duri and Boutevin53

have summarized the whole synthesis of functional precur-
sors from perfluoroiodocompounds. For instance, the syn-
thesis of the Zonyl type products is based on these reactions.
Such compounds then undergo modifications, leading to
several industrial products: Forafac marketed by Atofina in
the 1980s and then sold to Dupont249 in 2000 under the Zonyl
tradename, Surflon from Asahi Glass, and surfactants from
3M,250 Rhodia,248 or Ciba.251,252 Another application from
these products is based on their surface properties. These
compounds provide lower surface energy; higher resistance
to chemicals, moisture, oil, and grease; and allow a good
adhesion to other low-energy surfaces.

5.1.2. Synthesis of New Fluorinated Monomers

One of the most interesting intermediates (obtained from
perfluoroiodocompounds) is fluorinated alcohol, used for the
synthesis of several monomers such as fluorinated acrylates
(Scheme 18). They are prepared by esterification of (meth)-
acrylic acids or from (meth)acryloyl chloride with fluorinated
alcohols.253,254Fluorinated acrylates may be used in several
industrial applications255 reported below.

Aqueous Fire Fighting Foams and Surfactants.28,244

Many investigations were pioneered by Pittman256-258 on
aqueous fire-fighting foams (AFFFs). AFFFs were developed
in the 1960s as important tools for fire extinguishers for
flammable liquid fuels, such as petroleum, kerosene, etc.
Commercial AFFF formulations are composed of a mixture
of different fluorinated surfactants in water solution. This
kind of surfactant is obtained by copolymerization of
fluorinated acrylates or by chemical modification of perflu-
oroiodocompounds. For example, it is possible to mention
industrial products, such as ZONYL by DuPont de Nemours.
The Daikin Company259 copolymerized fluorinated acrylates
with acrylic acid and Me(OCH2CH2)9O2CCMedCH2. Our
group also telomerized fluorinated acrylates with iodo-
terminated polyacrylamide, previously synthesized by te-
lomerization reaction of acrylamide in the presence of
C8F17C2H4I. This block copolymer has been marketed by

Scheme 16. Reaction of ECF

Scheme 17. Industrial Synthesis of Fluorotelomer Using the
Telomerization of TFE with Pentafluoroethyliodide

Scheme 18. Synthesis of Organic Molecules from F(CF2CF2)n+1I 53,245,301-304
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Atofina under the Forafac tradename260 in the late 1980s and
was then sold to Dupont in early 2000.

These fluorinated surfactants enable the formation of an
aqueous film that is distributed over the whole surface of
the hydrocarbon compound. Hence, these block copolymers
lead to a surface tension of 28 mN m-1 in aqueous solution
(0.1% w/w).

In addition, recent investigations have been carried out
on the syntheses of original amphiphilic telomers based on
TFP.112-114 Fluorinated surfactants are also involved in
(mini)emulsion copolymerization261 of fluorinated monomers
with hydrophilic monomers, such as acrylic acid. However,
the most known and efficient PFOA (perfluorooctanoic acid)
and also APFO (ammonium perfluorooctanoate) surfactants
are toxic, persistent, and bioaccumulated and have pushed
most chemical industries producing fluoropolymers to think
of new alternatives via the Stewardship Program. Its goal
consists of reducing of 95% the production of PFOA by 2010
and to stop it by 2015. Although the 3M company has
withdrawn Scotchguard because of the toxic perfluorooc-
tanoic anion, many hazardous issues have been thought on
perfluorooctyl sulfonate. However, Wasburn et al.262 have
shown that exposure to perfluorooctanoate from consumer
goods, such as treated textiles, carpets, and clothing, is not
expected to cause health effects or quantifiable levels of the
chemical in the blood. In addition, the same group263 looked
at the concentrations of perfluorocarbons, including PFOA-
derived materials, that have accumulated in sludge in the
San Franscisco Bay area. The results have shown that in
domestic sludge, the concentration of PFCs ranged from 5
to 150 ng/g for all perfluorocarboxylates and between 55
and 3370 ng/g for perfluoroalkanesulfonyl-based chemicals.

Textiles.Applications of fluorinated acrylic ester polymers
to impart oil and water repellency to textiles,264-268 such as
soft furnishings and carpets, are nowadays in wide com-
mercial use (Scotchgard produced by 3M but was withdrawn
from the market a few years ago, Teflon replaced by the
Zonyl by Dupont de Nemours, Foraperle by Atochem,
Asahiguard by Asahi Glass, Unidyne by Daikin, etc.). For
instance, Scotchguard is a block copolymer containing
hydrophobic segments, such as sulfonamido-fluoroacrylic,
and hydrophilic blocks, such as oligoethylene oxide.

Electronics.Fluorinated polymers are used in lithography
for electronic applications. Indeed, these fluorinated com-
pounds allow a decrease of the surface energy but also bring
antiadhesive properties to the surface. For instance, Pawloski
et al.269 coated 1H,1H,2H,2H-perfluorooctyl-triethoxysilane
onto the surface to obtain antiadhesive coatings. Interestingly,
such coatings showed a better precision of the lithography.

Surface Modifiers. Fluorinated compounds are used to
modify the surface properties of various substrates (metals,
stone, leather, glass, etc.) by making them hydrophobic.53

The surface modifiers are made of a fluorinated chain but
also of a nonfluorinated one that enables the direct physical
interaction with the metal surface. Hence, Bongiovanni et
al.270 proposed the synthesis of telechelic oligomers with the
following structure: Rh-Rf-Rh, with Rh) -CH2O-CO-
NH-CH2-CH2-O-CO-C(CH3)dCH2 and Rf) -CF2O-
(CF2-CF2O)p-(CF2-O)q-CF2-, andp ) q.

These authors used these oligomers as a surface modifier
after the photopolymerization of a hydrogenated resin. They
showed a modification of the surface by adding these
oligomers with 0.1% (w/w). This oligomer actually increased
the hydrophobicity (as evidenced by a contact angle of 105°).

This is the reason why fluorinated derivatives are also
employed to limit the corrosion of anodes in batteries.271-275

Vignaud272 suggested the use of poly(ethylene oxide) co-
polymer, bearing a perfluorinated chain end [i.e., C6F13C2H4-
(OCH2CH2)nOH], to limit the corrosion in the batteries.
However, delamination occurs over time and chemical links
of the polymers with the metal are required. Pahnke et
al.276,277 realized a new chemical grafting of fluorinated
polymers onto aluminum. First benzophenone, bearing a
phosphonic acid group, was fixed onto the metal. Then,
irradiation of benzophenone followed by a radical transfer
reaction onto a fluorinated acrylate monomer allowed a
chemical grafting onto the surface (Scheme 19). Noteworthy,

applications such as self-cleaning require highly hydrophobic
surfaces, i.e., a contact angle of about 160°.

Optics. Fluorinated acrylates monomers have been used
in the synthesis of polymeric optical fibers (POF).278-281

Hence, unlike PMMA, fluorinated polyacrylates exhibit a
very low refractive index, a good thermal resistance, and a
low adsorption in a wide wavelength range (from 600 to
900 nm).282,283 Present uses of POF are mainly lightings,
optical sensors, short length data links, etc.

CO2 Technology.Poly(fluoroalkyl(meth)acrylates) belong
to the limited class of polymers that are highly soluble in
liquid and supercritical carbon dioxide even at a high
molecular weight.284 Because scCO2 appears as an attractive
alternative to organic solvents for various processes in
material science, CO2-philic polymers prepared with fluo-
roalkyl (meth)acrylates might be of great importance for
further developments in this area.

5.2. General Applications of Polymers Obtained
from Iodinated Precursors

As mentioned in section 3.2, RFIs have been often used
in telomerization of fluoroalkenes and also extended to the
CRPs (section 4). Indeed, in that latter topic, one of the best
examples is the use of ITP to obtain fluorinated TPEs. These
TPEs are composed of two (A-B) or triblocks (A-B-A)
copolymers. These A-B-A fluorocopolymers are phase
segregated including an amorphous zone and crystalline
domains, and they combine various advantages inducing a
wide range of service temperature. These TPEs are synthe-
sized in a two-step procedure: a novel telechelic polymer
(usually an elastomeric I-soft-I block) is produced from
the first step by ITP with a telechelic transfer agent (I-RF-

Scheme 19. Synthesis of Benzophenone Phosphonic Acid, Its
Immobilization on Aluminum Surfaces, and the Attachment
of Polymers276,277
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I) and can be further successfully utilized as an original
transfer agent in a second polymerization reaction (such as
ATRP or ITP reactions), as follows:

where M1, M2, M3, and M4 represent (fluoro)alkenes, which
can be chosen among TFE, VDF, HFP, perfluoromethyl vinyl
ether (PMVE), CTFE, and also E and propylene (P).

This process can be performed in emulsion, suspension,
microemulsion,285 or solution polymerization. Various com-
panies have already shown much interest in this research.
Indeed, Daikin’s pioneering works from 1979182,286-293 were
confirmed at the Dupont Company294 (now Dupont Perfor-
mance Elastomers) and at Ausimont141,187,295(now Solvay-
Solexis), leading to commercially available Daiel, Viton, and
Tecnoflon XPL, respectively. A summary of these researches
and products is given in Table 10. A combination of
comonomers by pair, trio, or quartet enabled the authors to
obtain both soft and hard segments (Table 11).141,187,188,290,294-297

The proportion of these comonomers gives the properties
(soft or hard segment). As an example, it is reminded that a
poly(VDF-co-HFP) copolymers containing less than 15 mol
% HFP is a thermoplastic (inducing hard block), while having

an HFP content higher than 15 mol % exhibits elastomeric
properties.53,298

Table 10 lists the various commercially available elas-
tomers based on VDF, HFP, TFE, CTFE, PMVE, and P
comonomers. For example, Tatemoto290,297 proposed the
synthesis of a soft segment by using the mixture of VDF/
HFP/TFE and I-(CF2)4-I in the presence of bis(trichlorop-
erfluorohexanoyl) peroxide in 1,2,2-trifluorotricholorethane.
The obtained soft I(HFP)x(VDF)y(TFE)zI diiodide (molar
composition 30:50:20) exhibited a number average molar
mass of 3300 g mol-1 with a PDI of 1.27.297 The hard
segment can be composed of PVDF or Poly(tetrafluoroeth-
ylene) (PTFE), or a combination of VDF (in high amount)
with HFP or CTFE, or copolymers of TFE with E, PMVE,
VDF (Table 10), or a poly(E-ter-TFE-ter-HFP) terpolymer.
The different compositions of the hard segment are given in
Table 11. The combination of these various monomers gives
different properties, such as improved thermal stability, high
melting point and low glass transition, chemical resistance,
or better mechanical properties. For example, the addition
of E as a comonomer in the mixture allows one to reduce
the cost, but also the base sensitivity of VDF-containing
copolymers,294,299 and/or the livingness of the polymeriza-
tion.296 The properties of these TPEs are influenced by the
molar mass of the segments. The central elastomeric seg-
ments are obtained by ITP process. Usually, the molar mass
of the elastomeric segment is about 30000 g mol-1 whereas
the hard blocks are higher than 10000 g mol-1, although Yagi

Table 10. Main Commercially Available Fluoroelastomers (DuPont P. E. stands for DuPont Performance Elastomers)

monomers HFP PMVE CTFE P

VDF Daiel 801 (Daikin)
Fluorel (3M/Dyneon)
Kynar (Arkema)
Tecnoflon (Solvay Solexis)
SKF-26 (Russian)
Viton A (DuPont P. E.)

Kel F (Dyneon)
SKF-32 (Russian)
Voltalef (Arkema)

TFE Kalrez (DuPont P. E.) Aflas (Asahi Glass)
Viton Extreme (DuPont P. E.)

VDF + TFE Daiel 901 (Daikin)
Fluorel (Dyneon)
Tecnoflon (Solvay Sol.)
Viton B (DuPont P. E.)

Viton GLT (DuPont P. E.)

VDF + TFE
+ ethylene

Tecnoflon (Solvay Sol.)

Table 11. ITP of Fluoroalkenes for the Synthesis of Fluorinated Hard-b-Soft-b-Hard Triblock Copolymers (NG, Not Given)

°C
soft blocka

monomers in
soft block (wt %) hard block

soft/hard
ratio (wt %) Tg Tm refs

I[(VDF) xHFP]yI NG PVDF NG NG 160 290
NG poly(E-alt-TFE) NG NG 220 290

I[(CTFE)x(VDF)y]zI 45/55 poly(E-co-TFE) 85/15 -6 247 296
45/55 poly(E-co-TFE) 90/10 -8 252 296

I[(VDF) x(FVA)y]zI NG PVDF NG NG NG 188
I[(TFE)xP]yI 55/45 poly(E-co-TFE) 80/20 -1 267 294
I[(VDF) xHFP(TFE)y]zIb,c 56/19/25 PVDF 80/20 -12 to-15 165 141, 295

35/40/25 poly(E-alt-TFE) NG -8 222 290
50/30/20 poly(E-co-HFP-co-TFE) 85/15 NG NG 297
54/21/25 poly(E-alt-TFE) 80/20 -13 266 295

I[(VDF) xPMVE(TFE)y]zIb 62/19/19 PVDF 80/20 -30 160 187, 295
73/17/10 poly(E-co-TFE) 72/28 -33 254 294
NG poly(E-co-TFE) NG -13 to-15 266 141, 295
57/23/20 poly(E-co-TFE-co-PMVE) 75/25 NG 180 187

I[(TFE)xP(VDF)y]zI NG poly(E-co-TFE) 85/15 -13 262 294
I[(TFE)xE(PMVE)y]zI 45/19/36 poly(E-co-TFE) 71/29 -16 245 294

a Perfluoro vinylacetic acid, FVA.b Additional tetrapolymerization with less than 1 mol % of H2CdCH-C6F12-CHdCH2. c Additional
tetrapolymerization with less than 1 mol % of H2CdCH-C6F12-CHdCH2/H2CdCHC6F12C2H4I/IC2H4C6F12C2H4I mixture.

I-RF-I + nM1 + nM2 f

I-[(M1)x(M2)y]z-RF-[(M1)x(M2)y]z-I(I-soft-I)

I-soft-I + pM3 + qM4 f I-[(M3)p(M4)q]ω-
soft-[(M3)p(M4)q]ω-I(I-hard-soft-hard-I)
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et al. have already claimed molar masses of TPE up to
1000000 g mol-1. The TPEs are endowed with a negative
glass transition temperature (Tg < 0 °C) and a high melting
temperature (Tm), ranging from 160 to 267°C. The schematic
structural morphology of TPEs sketched by Figure 8

represents the amorphous (from soft segments) and crystal-
line (from hard blocks) zones, the latter inducing physical
cross-links.

To improve the properties of TPEs, Ausimont (now
Solexis) has suggested adding H2CdCHC6F12CHdCH2 diene
into the copolymer to lower the PDI and to favor a cross-
linking. Interestingly, the compression set was increased by
13% at 120°C. The stress at break increased from 7.8 to
10.4 MPa without any decrease of the elongation at break
(Table 12).

Furthermore, the introduction of PMVE in the soft segment
did not significantly lower theTg but increased theTm by a
few degrees.141,294,295Tatemoto290,297 compared the thermal
decomposition of three TPEs and showed an improved
thermal stability when using exclusively the fluorine mono-

mers as follows: (poly(E-alt-TFE)-b-poly(VDF-co-HFP)-b-
poly(E-alt-TFE)< poly(E-alt-CTFE)-b-poly(VDF-co-HFP)-
b-poly(E-alt-CTFE)< poly(VDF)-b-poly(VDF-co-HFP)-b-
poly(VDF).

Thus, the fluorinated TPEs present a better stability than
the conventional elastomers, such as the SBS triblock. They
can be used from-30 to 250°C (in continuous processing
at 200°C) and exhibit also other interesting properties such
as a high specific volume, a low refractive index, and good
surface properties. These characteristics can easily be used
in high-tech areas (Table 13) such as aeronautics and
aerospace (tubing, hoses,247 rubber stoppers, O-rings and
seals,247 etc.), because they provide excellent resistance
against aggressive chemical, fuels, oils, and ozone.

Another application of these triblock copolymers, obtained
by ITP polymerization, concerns the compatibilizers for
polymers. Table 13 gives a summary of the fields of
applications from TPEs, and Figure 9 shows several ex-
amples of products obtained by ITP using RFI transfer agents.

5.3. Conclusion
This subsection reports the wide range of applications

found by the organic and macromolecular iodinated com-
pounds. Interestingly, the molar masses, the functional end
groups, the number, and the nature (elastomeric and ther-
moplastic) of the blocks target the expected properties and
hence the applications.

Table 13. Fields of Applications and Items from TPEs

field of industry molding

weather and
chemical
resistance transparency elasticity safety vulcanizability

mechanical
properties applications

biomedical × × × × × tubing, rubber stoppers,
medical materials

physical and
chemical equipment

× × × × × tubing, seals, pipets

semiconductor × × × × × × tubing and seals
chemical × × anticorrosion paints,

diaphrams, hoses, linings
food × × × × × × hoses, sealing materials
electronics × × × × wiring, sealing material
civil engineering × × × sealing materials, films,

nonflammable materials
textile × × coatings, filaments, fibers,

water-repellant treatments
optics × lenses
others × × × adhesives (hot melt)

Figure 8. Schematic structural morphology of TPEs, such as Dai-
el, Tecnoflon XPL, or Viton GLT from Daikin, Ausimont (now
Solexis), and Dupont Performance Elastomers, respectively.

Table 12. Properties of TPEs Copolymers Prepared with or
without Bis-olefin (CH2dCH-C6F12-CHdCH2)141,295

copolymer
(VDF/HFP/TFE:
55.9/18.2/25.9)

copolymer
(VDF/PMVE/TFE:

62.1/19.1/18.8)polymer
characteristics without with without with

Tg (°C) -15.1 -13.9 -29.3 -30.6
Tm (°C) 163.2 160.7 161.8 160.2
stress at break (MPa) 10.4 7.8 9.0 3.1
elongation at break (%) 452 460 384 520
compression set
(120°C for 24 h)

60 73 49 98

Figure 9. Several examples of items obtained by ITP, using RFIs
as transfer agents (courtesy of Daikin).
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Organic derivatives have been involved as surfactants, as
useful aqueous fire-fighting agents, lubricants, precursors of
novel acrylates for surface modifiers used in coatings, textile,
or leather finishing, or optical fibers (both cores and clad-
dings). Block copolymers have already shown potential. How-
ever, there is an urgent need to replace toxic, bioaccumulable,
and persistent PFOAs by challenging original and efficient
surfactants for radical (mini)emulsion (co)polymerization of
fluorinated alkenes. Such a topic has pushed many academic
and industrial laboratories to be presently active in that field.
In the same context, although a C8F17 end group is hazardous
but brings an exceptionally low surface energy, it is also
necessary to find novel alternatives with C4F9 end groups
for almost similar performances, as 3M has led the way.
Another application concerns the TPEs based on the sequen-
tial CRP of a wide range of fluoroalkenes for which a suitable
combination brings soft and hard sequences.

6. Conclusion
Iodocompounds, especially perfluoroalkyl ones, have been

used for a long time in radical telomerization and poly-
merization to bringω-perfluorinated end groups to the
resulting polymers for specific properties. Although RFIs
have been mainly used for preparing telomers, these last
years have witnessed the use of iodocompounds in CRP.
These halogenated and especially perfluorinated telomers are
valuable precursors of a wide range of fluorinated intermedi-
ates (alcohols, mercaptans, amines, allyl or vinyl derivatives,
carboxylic acids, acrylates), which have already led to various
applications: surfactants or monomers for textile, leather,
metals, or stone protection.

In the late 1970s, the Daikin Company pioneered the use
of these RFIs or IRFIs as CTAs in the CRP of fluorinated
monomers, which further led to valuable applications. The
transfer constants are often lower than those of noniodinated
CTAs (CTAs involved in RAFT), which lead to higher PDIs.
However, as compared to RAFT agent or xanthate deriva-
tives, whose syntheses are often complex, iodinated CTAs
are nowadays particularly interesting in the development of
the CRP and certainly less expensive. This becomes par-
ticularly true when the use of molecular iodine is considered
to synthesize in situ efficient iodinated transfer agents. In
contrast to other CTAs, iodinated CTAs can be applied to a
wide range of monomers. Iodinated CTAs indeed can be
involved in universal polymer syntheses since it allows the
control of various monomers such as styrenics, (meth)-
acrylates, VAc, and even halogenated monomers. These
parameters explain the use of iodocompounds in an industrial
scale. It can be expected that their use will increase in the
next decades.

In addition, the fluorinated iodocompounds are precursors
of various materials endowed with remarkable properties for
various applications. The fluorinated telomers lead to a wide
range of intermediates bearing anω-perfluorinated group.
Such an end group brings specific properties (hydro- and
oleophoby, surface modifiers, and soil repellency) that enable
the resulting materials to be involved in various applications
(coatings for textile, electronics, optics, AFFFs, surface
modifiers, etc.).

In addition, TPEs are easily made and are versatile
materials containing both soft and hard segments. Interest-
ingly, various combinations of synthetic block microstruc-
tures are possible based on the comonomers involved in the
different blocks to achieve both thermoplastic or elastomeric

segments and, hence, to reach suitableTg and Tm values.
Various strategies applied by Daikin, Dupont Performance
Elastomers, and Solvay-Solexis have led to commercially
available block copolymers, regarded as the first ones
produced in an industrial scale. However, lowering theirTg

values is still a challenge, which is inherent to theTg of the
elastomeric block always higher than-33 °C (although the
3M Company recently produced an original statistic cross-
linkable terpolymer endowed with aTg of -40 °C300).
Nevertheless, many applications of these TPEs have been
found in civil and engineering materials such as hot melts,
gaskets, O-rings, diaphragms of pumps, pressure sensitive
adhesives, medical contact lenses, electronic chemical items,
coatings for food industries, and other devices involved in
high-tech industries. Hence, still many investigations deserve
to be confirmed in that fascinating area, which should attract
the interest of many academic and industrial researchers.

7. List of Symbols and Abbreviations
AIBN R,R′-Azobisisobutyronitrile
ATRP Atom transfer radical polymerization
BPO Dibenzoyl peroxide
Cex Exchange constant
CRP Controlled radical polymerization
CT1 Transfer constant
CTA Chain transfer agent
CTFE Chlorotrifluoroethylene
DPn Number average degree of polymerization
DT Degenerative transfer
DTBP Di-tert-butyl peroxide
E Ethylene
ECF Electrochemical fluorination
FVA Perfluoro vinylacetic acid
HFP Hexafluoropropylene
IRFI R,ω-Diiodoperfluoroalkane
ITP Iodine transfer polymerization
M Monomer
MADIX Macromolecular design trough interchange of xanthates
MMA Methyl methacrylate
Mn Number average molecular weight
Mw Weight average molecular weight
NMP Nitroxide-mediated polymerization
NMR Nuclear magnetic resonance
P Propylene
PDI Polydispersity index
PMMA Poly(methyl methacrylate)
PMVE Perfluoromethyl vinyl ether
POF Polymeric optical fibers
PTFE Poly(tetrafluoroethylene)
PVC Poly(vinyl chloride)
PVDF Poly(vinylidene fluoride)
R Alkyl group
RAFT Reversible addition-fragmentation chain transfer

polymerization
RF Perfluorinated group
RFI Perfluoroalkyl iodide
RITP Reverse iodine transfer polymerization
SEC Size exclusion chromatography
SET Single electron transfer
Sty Styrene
TFE Tetrafluoroethylene
TFP 3,3,3-Trifluoropropene
Tg Glass transition temperature
TPE Thermoplastic elastomers
TrFE Trifluoroethylene
VAc Vinyl acetate
VDF Vinylidene fluoride (or 1,1-difluoroethylene)
∆ Heating

Use of Iodocompounds in Radical Polymerization Chemical Reviews, 2006, Vol. 106, No. 9 3959



8. References
(1) Tatemoto, M.; Yutani, Y.; Fujiwara, K. European Patent 272698,

1988.
(2) Miyamoto, M.; Sawamoto, M.; Higashimura, T.Macromolecules

1984, 17, 265.
(3) Miyamoto, M.; Sawamoto, M.; Higashimura, T.Macromolecules

1985, 18, 123.
(4) Sawamoto, M.; Higashimura, T.Makromol. Chem.1985, 12, 153.
(5) Nuyken, O.; Kroener, H.Makromol. Chem.1990, 191, 1.
(6) Miyamoto, M.; Sawamoto, M.; Higashimura, T.Macromolecules

1985, 18, 2218.
(7) Boutevin, B.; David, G.; Boyer, C.AdV. Polym. Sci.2005, submitted

for publication.
(8) Aoshima, S.; Ebara, K.; Higashimura, T.Polym. Bull.1985, 14, 425.
(9) Boutevin, B.; Boyer, C.; David, G.Prog. Polym. Sci.2005, submitted

for publication.
(10) Miyamoto, M.; Sawamoto, M.; Higashimura, T.Macromolecules

1987, 20, 2693.
(11) Vandooren, C.; Jerome, R.; Teyssie, P.Polym. Bull.1994, 32, 387.
(12) Giusti, P.; Andruzzi, F.J. Polym. Sci.1968, 16, 3797.
(13) Gaynor, S. G.; Wang, J.-S.; Matyjaszewski, K.Macromolecules1995,

28, 8051.
(14) Davis, K.; O’Malley, J.; Paik, H. J.; Matyjaszewski, K.Polym. Prepr.

(Am. Chem. Soc., DiV. Polym. Chem.)1997, 38, 687.
(15) Goto, A.; Ohno, K.; Fukuda, T.Macromolecules1998, 31, 2809.
(16) Wang, J.-S.; Gaynor, S. G.; Matyjaszewski, K.Polym. Prepr. (Am.

Chem. Soc., DiV. Polym. Chem.)1995, 36, 465.
(17) Bak, P. I.; Bidinger, G. P.; Cozens, R. J.; Klich, P. R.; Mayer, L. A.

European Patent 617057, 1994.
(18) Bak, P. I.; Bidinger, G. P.; Cozens, R. J.; Klich, P. R.; Mayer, L. A.

U.S. Patent 5455319, 1995.
(19) Bak, P. I.; Bidinger, G. P.; Cozens, R. J.; Klich, P. R. U.S. Patent

5430208, 1995.
(20) Haszeldine, R. N.J. Chem. Soc. Abstr.1952, 2504.
(21) Chambers, R. D.; Musgrave, W. K. R.; Savory, J.J. Chem. Soc.

Abstr.1961, 3779.
(22) Amiry, M. P.; Chambers, R. D.; Greenhall, M. P.; Ameduri, B.;

Boutevin, B.; Caporiccio, G.; Gornowicz, G. A.; Wright, A. P.Polym.
Prepr. (Am. Chem. Soc., DiV. Polym. Chem.)1993, 34, 411.

(23) Hauptschein, M.; Braid, M.; Fainberg, A. H.J. Am. Chem. Soc.1961,
83, 2495.

(24) Ameduri, B.; Boutevin, B.; Kostov, G. K.; Petrova, P.J. Fluorine
Chem.1995, 74, 261.

(25) Kharroubi, M.; Manseri, A.; Ameduri, B.; Boutevin, B.J. Fluorine
Chem.2000, 103, 145.

(26) Bissell, E. R.J. Org. Chem.1964, 29, 252.
(27) Haszeldine, R. N.J. Chem. Soc. Abstr.1955, 4291.
(28) Meissner, E.; Myszkowski, J.; Szymanowski, J.Tenside, Surfactants,

Deterg.1995, 32, 261.
(29) Ameduri, B.; Boutevin, B.; Kharroubi, M.; Kostov, G.; Petrova, P.

J. Fluorine Chem.1998, 91, 41.
(30) Teodorescu, M.Eur. Polym. J.2001, 37, 1417.
(31) Iovu, M. C.; Matyjaszewski, K.Macromolecules2003, 36, 9346.
(32) Teodorescu, M.; Dimonie, M.; Draghici, C.; Serban, S.; Vasilievici,

G.; Colesa, M.React. Funct. Polym.2004, 61, 387.
(33) Teodorescu, M.; Dimonie, M.; Draghici, C.; Vasilievici, G.Polym.

Int. 2004, 53, 1987.
(34) Barson, C. A.; Bevington, J. C.; Hunt, B. J.Polymer1996, 37, 5699.
(35) Mah, S.; Nam, H.; Han, K.; Kwon, S.J. Korean Fiber Soc.2002,

39, 515.
(36) Starks, C. M.Free Radical Telomerization; Academic Press: New

York, 1974.
(37) Barnes, A. W. Gb. Patent 674060, 1952.
(38) Ueda, N.; Kamigaito, M.; Sawamoto, M.Polym. Prepr., Jpn.1996,

45.
(39) Mestach, D. E. P.; Brinkhuis, R. H. G.; Elfrink, P. J. M. D. Wo.

Patent 2004009644, 2004.
(40) Curran, D. P.; Bosch, E.; Kaplan, J.; Newcomb, M.J. Org. Chem.

1989, 54, 1826.
(41) Ueda, N.; Kamigaito, M.; Sawamoto, M.Polym. Prepr., Jpn.1997,

46, 149.
(42) Yutani, Y.; Tatemoto, M. U.S. Patent 5439980, 1995.
(43) Yutani, Y.; Tatemoto, M. European Patent 489370, 1992.
(44) Iovu, M. C.; Simplaceanu, V.; Gil, R. R.; Matyjaszewski, K.Polym.

Prepr. (Am. Chem. Soc., DiV. Polym. Chem.)2004, 45, 988.
(45) Borkar, S.; Sen, A.Polym. Prepr. (Am. Chem. Soc., DiV. Polym.

Chem.)2004, 45, 698.
(46) Ueda, N.; Kamigaito, M.; Sawamoto, M.Polym. Prepr., Jpn.1998,

47, 134.
(47) Gaynor, S. G.; Wang, J. S.; Matyjaszewski, K.Polym. Prepr. (Am.

Chem. Soc., DiV. Polym. Chem.)1995, 36, 467.
(48) Matyjaszewski, K.; Gaynor, S.; Wang, J.-S.Macromolecules1995,

28, 2093.

(49) Tedder, J. M.; Walton, J. C.; Vertommen, L. L. T.J. Chem. Soc.,
Faraday Trans. 1: Phys. Chem. Condens. Phases1979, 75, 1040.

(50) Bauduin, G.; Boutevin, B.; Bertocchio, R.; Lantz, A.; Verge, C.J.
Fluorine Chem.1998, 90, 107.

(51) Bertocchio, R.; Lacote, G.; Verge, C. European Patent 552076, 1993.
(52) Chambers, R. D.; Musgrave, W. K. R.; Savory, J.Proc. Chem. Soc.

1961, 113.
(53) Ameduri, B.; Boutevin, B.Well-Architectured Fluoropolymers:

Synthesis, Properties and Applications: Elsevier: Amsterdam, 2004.
(54) Brown, D. W.; Florin, R. E.; Wall, L. A.Appl. Polym. Symp.1973,

No. 22, 169.
(55) Brown, D. W.; Wall, L. A.J. Polym. Sci., Polym. Chem. Ed.1972,

10, 2967.
(56) Ameduri, B.; Boutevin, B.; Kostov, G.Prog. Polym. Sci.2001, 26,

105.
(57) Scheirs, J.Modern Fluoropolymers: High Performance Polymers

for DiVerse Applications, Wiley: New York, 1997.
(58) Castelvetro, V.; Aglietto, M.; Ciardelli, F.; Chiantore, O.; Lazzari,

M.; Toniolo, L. J. Coat. Technol.2002, 74, 57.
(59) Bongiovanni, R.; Montefusco, F.; Priola, A.; Macchioni, N.; Lazzeri,

S.; Sozzi, L.; Ameduri, B.Pitture Vernici, Eur. Coat.2003, 79, 25.
(60) Bongiovanni, R.; Montefusco, F.; Priola, A.; Macchioni, N.; Lazzeri,

S.; Sozzi, L.; Ameduri, B.Prog. Org. Coat.2002, 45, 359.
(61) Hougham, G., Cassidy, P. E., Johns, K., Davidson, T., Eds.

Fluoropolymers 2: Properties; Kluvert: New York, 1999.
(62) Hanford, W. E.; Joyce, R. M., Jr. U.S. Patent 2440800, 1948.
(63) Freidlina, R. K.; Terent’ev, A. B.; Khorlina, M. Y.; Aminov, S. N.

Zh. Vses. Khim. O-Va. im. D. I. MendeleeVa 1966, 11, 211.
(64) Ameduri, B.; Boutevin, B.Top. Curr. Chem.1997, 192, 165.
(65) Duc, M.; Ameduri, B.; Boutevin, B.; Kharroubi, M.; Sage, J.-M.

Macromol. Chem. Phys.1998, 199, 1271.
(66) Bauduin, G.; Boutevin, B.; Mistral, J. P.; Sarraf, L.Makromol. Chem.

1985, 186, 1445.
(67) Boutevin, B.; Pietrasanta, Y.Eur. Polym. J.1976, 12, 231.
(68) Boutevin, B.; Ameduri, B. Telomerization. InThe Encyclopedia of

AdVanced Materials; Bloor, D., Flemings, M. C., Brook, R. J.,
Mahajan, S., Cahn, R. W., Eds; Pergamon: Oxford, 1994; pp 2767-
2777.

(69) Dolbier, W. R., Jr.Top. Curr. Chem.1997, 192, 97.
(70) El Soueni, A.; Tedder, J. M.; Walton, J. C.J. Fluorine Chem.1978,

11, 407.
(71) Tsuchida, E.; Kitamura, K.; Shinohara, I.J. Polym. Sci., Polym. Chem.

Ed. 1972, 10, 3639.
(72) Boutevin, B.; Parisi, J. P.; Vaneeckhoutte, P.Eur. Polym. J.1991,

27, 159.
(73) Seiler, D. InModern Fluoropolymers; Scheirs, J., Ed.; Wiley: New

York, 1997; Chapter 25, pp 487-506.
(74) Gelin, M.-P.; Ameduri, B.J. Polym. Sci., Part A: Polym. Chem.

2002, 41, 160.
(75) Manseri, A.; Ameduri, B.; Boutevin, B.; Chambers, R. D.; Caporiccio,

G.; Wright, A. P.J. Fluorine Chem.1995, 74, 59.
(76) Li, A. R.; Chen, Q. Y.Synthesis1997, 1481.
(77) McMurray, N.; Tedder, J. M.; Vertommen, L. L. T.; Walton, J. C.J.

Chem. Soc., Perkin Trans. 2: Phys. Org. Chem. (1972-1999)1976,
63.

(78) Hauptschein, M.; Braid, M.; Lawlor, F. E.J. Am. Chem. Soc.1958,
80, 846.

(79) Balague, J.; Ameduri, B.; Boutevin, B.; Caporiccio, G.J. Fluorine
Chem.2000, 102, 253.

(80) Balague, J.; Ameduri, B.; Boutevin, B.; Caporiccio, G.J. Fluorine
Chem.1995, 70, 215.

(81) Apsey, G. C.; Chambers, R. D.; Salisbury, M. J.; Moggi, G.J.
Fluorine Chem.1988, 40, 261.

(82) Combes, J.; Guan, Z.; De Simone, J. M.Macromolecules1994, 27,
865.

(83) Hung, M.-H.; Schmiegel, W. W. Wo. Patent 2001081464, 2001.
(84) Chen, Q.-Y.; Ma, Z.-Z.; Jiang, X.-K.; Zhang, Y.-F.; Jia, S.-M.Huaxue

Xuebao1980, 38, 175 (Chem. Abstr.1981:174184).
(85) Cape, J. N.; Greig, A. C.; Tedder, J. M.; Walton, J. C.J. Chem.

Soc., Faraday Trans. 1: Phys. Chem. Condens. Phases1975, 71,
592.

(86) Sloan, J. P.; Tedder, J. M.; Walton, J. C.J. Chem. Soc., Perkin Trans.
2: Phys. Org. Chem. (1972-1999)1975, 1846.

(87) Ameduri, B.; Ladaviere, C.; Delolme, F.; Boutevin, B.Macromol-
ecules2004, 37, 7602.

(88) Braslavsky, S. E.; Casas, F.; Cifuentes, O.J. Chem. Soc. B: Phys.
Org. 1970, 1059.

(89) Haszeldine, R. N.; Steele, B. R.J. Chem. Soc., Abstr.1954, 923.
(90) Low, H. C.; Tedder, J. M.; Walton, J. C.J. Chem. Soc., Faraday

Trans. 1: Phys. Chem. Condens. Phases1976, 72, 1707.
(91) Rondestvedt, C. S., Jr.J. Org. Chem.1977, 42, 1985.
(92) Boutevin, B.; Furet, Y.; Lemanach, L.; Vial-Reveillon, F.J. Fluorine

Chem.1990, 47, 95.

3960 Chemical Reviews, 2006, Vol. 106, No. 9 David et al.



(93) Boutevin, B.; Furet, Y.; Hervaud, Y.; Rigal, G.J. Fluorine Chem.
1994, 69, 11.

(94) Harris, J. F., Jr.; Stacey, F. W.J. Am. Chem. Soc.1963, 85, 749.
(95) Hauptschein, M.; Braid, M.; Fainberg, A. H.J. Am. Chem. Soc.1958,

80, 851.
(96) Guiot, J.; Ameduri, B.; Boutevin, B.Macromolecules2002, 35, 8694.
(97) Marie, A.; Fournier, F.; Tabet, J. C.; Ameduri, B.; Walker, J.Anal.

Chem.2002, 74, 3213.
(98) Gaboyard, M.; Boutevin, B.; Hervaud, Y.J. Fluorine Chem.2001,

107, 5.
(99) Li, A.-R.; Chen, Q.-Y.J. Fluorine Chem.1997, 82, 151.

(100) Ashton, D. S.; Tedder, J. M.; Walton, J. C.J. Chem. Soc., Faraday
Trans. 1: Phys. Chem. Condens. Phases1974, 70, 299.

(101) Tortelli, V.; Tonelli, C.J. Fluorine Chem.1990, 47, 199.
(102) von Werner, K. European Patent 718262, 1996.
(103) Haszeldine, R. N.; Steele, B. R.J. Chem. Soc., Abstr.1953, 1592.
(104) Haszeldine, R. N.; Keen, D. W.; Tipping, A. E.J. Chem. Soc. C:

Org. 1970, 414.
(105) Chambers, R. D.; Gilani, A. H. S.; Gilbert, A. F.; Hutchinson, J.;

Powell, R. L.J. Fluorine Chem.2000, 106, 53.
(106) Haszeldine, R. N.; Steele, B. R.J. Chem. Soc., Abstr.1957, 2800.
(107) Balague, J.; Ameduri, B.; Boutevin, B.; Caporiccio, G.J. Fluorine

Chem.1995, 73, 237.
(108) Baum, K.; Malik, A. A.J. Org. Chem.1994, 59, 6804.
(109) Balague, J.; Ameduri, B.; Boutevin, B.; Caporiccio, G.J. Fluorine

Chem.1995, 74, 49.
(110) Manseri, A.; Ameduri, B.; Boutevin, B.; Chambers, R. D.; Caporiccio,

G.; Wright, A. P.J. Fluorine Chem.1996, 78, 145.
(111) Haszeldine, R. N.J. Chem. Soc., Abstr.1953, 3559.
(112) Brandstadter, S. M.; Ameduri, B.; Kostov, G. Wo. Patent 074528,

2005.
(113) Brandstadter, S. M.; Chien, J.; Cohn, M.; Ameduri, B.; Kostov, G.

Wo. Patent 074637, 2005.
(114) Brandstadter, S. M.; Chien, J.; Sharma, V.; Ameduri, B.; Kostov, G.

Wo. Patent 074593, 2005.
(115) Krespan, C. G.; Petrov, V. A.; Smart, B. E. Wo. Patent 9532936,

1995.
(116) Krespan, C. G.; Petrov, V. A. U.S. Patent 5459212, 1995.
(117) Bissell, E. R.; Shaw, G. C.J. Org. Chem.1962, 27, 1482.
(118) Ameduri, B.; Boutevin, B.; Kostov, G. K.; Petrova, P.J. Fluorine

Chem.1999, 93, 117.
(119) Henne, A. L.; Kraus, D. W.J. Am. Chem. Soc.1951, 73, 1791.
(120) Gumprecht, W. H.; Dettre, R. H.J. Fluorine Chem.1975, 5, 245.
(121) Balague, J., Ph. D dissertation, University of Montpellier 2, 1994.
(122) Jaeger, H. U.S. Patent 4067916, 1978.
(123) Rudolph, W.; Massonne, J. Fr. Patent 2163444, 1973.
(124) Low, H. C.; Tedder, J. M.; Walton, J. C.J. Chem. Soc., Faraday

Trans. 1: Phys. Chem. Condens. Phases1976, 72, 1300.
(125) Boulahia, D.; Manseri, A.; Ameduri, B.; Boutevin, B.; Caporiccio,

G. J. Fluorine Chem.1999, 94, 175.
(126) Rondestvedt, C. S., Jr. Fr. Patent 1521775, 1968.
(127) Haszeldine, R. N.J. Chem. Soc., Abstr.1951, 2495.
(128) Hauptschein, M.; Braid, M.; Lawlor, F. E. U.S. Patent 3240825, 1966.
(129) Paciorek, K. L.; Merkl, B. A.; Lenk, C. T.J. Org. Chem.1962, 27,

1015.
(130) Cirkva, V.; Paleta, O.J. Fluorine Chem.1999, 94, 141.
(131) Cirkva, V.; Polak, R.; Paleta, O.J. Fluorine Chem.1996, 80, 135.
(132) Paleta, O.; Cirkva, V.; Kvicala, J.Macromol. Symp.1994, 82, 111.
(133) Tournut, C.Macromol. Symp.1994, 82, 99.
(134) Takakura, T.Mod. Fluoropolym.1997, 557.
(135) Ameduri, B.; Boutevin, B.J. Fluorine Chem.2000, 104, 53.
(136) Brace, N. O.J. Fluorine Chem.1999, 93, 1.
(137) Hauptschein, M.; Braid, M. U.S. Patent 3089911, 1963.
(138) Hauptschein, M.; Braid, M. U.S. Patent 3091648, 1963.
(139) Furukawa, Y. European Patent 45070, 1982.
(140) Tatemoto, M.Chem. Abstr.1978, 88, 137374.
(141) Arcella, V.; Brinati, G.; Albano, M.; Tortelli, V. European Patent

661312, 1995.
(142) Hung, M. H. U.S. Patent 5231154, 1993.
(143) Tatemoto, M.; Nakagawa, T. De. Patent 2729671, 1978.
(144) Hauptschein, M.; Braid, M. U.S. Patent 3002031, 1961.
(145) Madruga, E. L.Prog. Polym. Sci.2002, 27, 1879.
(146) Cunningham, M. F.Prog. Polym. Sci.2002, 27, 1039.
(147) Matyjaszewski, K.; Xia, J.Chem. ReV. 2001, 101, 2921.
(148) Coessens, V.; Pintauer, T.; Matyjaszewski, K.Prog. Polym. Sci.2001,

26, 337.
(149) Matyjaszewski, K.ACS Symp. Ser.1998, 685, 2.
(150) Hawker, C. J.; Bosman, A. W.; Harth, E.Chem. ReV. 2001, 101,

3661.
(151) Kamigaito, M.; Ando, T.; Sawamoto, M.Chem. ReV. 2001, 101, 3689.
(152) Fischer, H.Chem. ReV. 2001, 101, 3581.
(153) Asandei, A. D.; Percec, V.J. Polym. Sci., Part A: Polym. Chem.

2001, 39, 3392.

(154) Otsu, T.J. Polym. Sci., Part A: Polym. Chem.2000, 38, 2121.
(155) Fukuda, T.; Goto, A.ACS Symp. Ser.2000, 768, 27.
(156) Fukuda, T.; Goto, A.; Ohno, K.Macromol. Rapid Commun.2000,

21, 151.
(157) Matyjaszewski, K., Ed. Controlled/Living Radical Polymerization.

Progress in ATRP, NMP, and RAFT (Proceedings of a Symposium
on Controlled Radical Polymerization held on 22-24 August 1999,
in New Orleans).ACS Symp. Ser.2000, 768.

(158) Matyjaszewski, K.ACS Symp. Ser.2003, 854, 2.
(159) Davis, K. A.; Matyjaszewski, K.AdV. Polym. Sci.2002, 159, 2.
(160) Matyjaszewski, K.ACS Symp. Ser.1998.
(161) Kamigaito, M.; Ando, T.; Sawamoto, M.Chem. ReV. 2001, 101, 3689.
(162) Patten, T. E.; Matyjaszewski, K.AdV. Mater. 1998, 10, 901.
(163) Wang, J.-S.; Matyjaszewski, K.J. Am. Chem. Soc.1995, 117, 5614.
(164) Rizzardo, E.; Chiefari, J.; Mayadunne, R.; Moad, G.; Thang, S.

Macromol. Symp.2001, 174, 209.
(165) Destarac, M.; Bzducha, W.; Taton, D.; Gauthier-Gillaizeau, I.; Zard,

S. Z. Macromol. Rapid Commun.2002, 23, 1049.
(166) Lacroix-Desmazes, P.; Ameduri, B.; Boutevin, B.Collect. Czech.

Chem. Commun.2002, 67, 1383.
(167) Destarac, M.; Taton, D.; Zard, S. Z.Polym. Prepr. (Am. Chem. Soc.,

DiV. Polym. Chem.)2002, 43, 116.
(168) Matyjaszewski, K.; Gaynor, S.; Greszta, D.; Mardare, D.; Shigemoto,

T. J. Phys. Org. Chem.1995, 8, 306.
(169) Tatemoto, M.; Suzuki, T.; Tomoda, M.; Furukawa, Y.; Ueta, Y. De.

Patent 2815187, 1978.
(170) Tatemoto, M.; Nakagawa, T. Japanese Patent 61049327, 1986.
(171) Tatemoto, M.Kobunshi Ronbunshu1992, 49, 765 (Chem. Abstr.

1993:22655).
(172) Boutevin, B.; Pietrasanta, Y.; Bauduin, G.Makromol. Chem.1985,

186, 283.
(173) Mayo, F. R.J. Am. Chem. Soc.1943, 65, 2324.
(174) Lansalot, M.; Farcet, C.; Charleux, B.; Vairon, J.-P.; Pirri, R.

Macromolecules1999, 32, 7354.
(175) O’Brien, J. L.; Gornick, F.J. Am. Chem. Soc.1955, 77, 4757.
(176) Kowalczuk-Bleja, A.; Trzebicka, B.; Komber, H.; Voit, B.; Dworak,

A. Polymer2004, 45, 9.
(177) Lacroix-Desmazes, P.; Severac, R.; Boutevin, B.Macromolecules

2005, 38, 6299.
(178) Goto, A.; Fukuda, T.Prog. Polym. Sci.2004, 29, 329.
(179) Monteiro, M. J.J. Polym. Sci., Part A: Polym. Chem.2005, 43,

5643.
(180) Mueller, A. H. E.; Zhuang, R.; Yan, D.; Litvinenko, G.Macromol-

ecules1995, 28, 4326.
(181) Tatemoto, M.; Furukawa, Y.; Tomoda, M.; Oka, M.; Morita, S.

European Patent 14930, 1980.
(182) Oka, M.; Tatemoto, M.Contemp. Top. Polym. Sci.1984, 4, 763.
(183) Tatemoto, M.Int. Polym. Sci. Technol.1985, 12, 85.
(184) Arcella, V.; Brinati, G.; Apostolo, M.Chim. Ind.1997, 79, 345.
(185) Wlassics, I.; Rapallo, G.; Apostolo, M.; Bellinzago, N.; Albano, M.

Patent EP 0979832 A1, 1999.
(186) Tatemoto, M.; Tomoda, M.; Ueta, Y. De. Patent 2940135, 1980.
(187) Gayer, U.; Schuh, T.; Arcella, V.; Albano, M. European Patent

885928, 1998.
(188) Tatemoto, M. InPolymeric Materials Encyclopedia; Salamone, J.

C., Ed.; CRC: Boca Raton, FL, 1996; Vol. 5.
(189) Boyer, C.; Valade, D.; Sauguet, L.; Ameduri, B.; Boutevin, B.

Macromolecules2005, 38, 10353.
(190) Chong, Y. K.; Krstina, J.; Le, T. P. T.; Moad, G.; Postma, A.;

Rizzardo, E.; Thang, S. H.Macromolecules2003, 36, 2256.
(191) Klinkenberg, H.; Schrage, K. De. Patent 2045491, 1972.
(192) Wang, T.; Zhou, D.; Yuan, M.; Ji, W. Cn. Patent 1322765, 2001.
(193) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Monteiro, M.;

Barboiu, B.; Weichold, O.; Asandei, A. D.; Mitchell, C. M.J. Am.
Chem. Soc.2002, 124, 4940.

(194) Percec, V.; Popov, A. V.Polym. Prepr. (Am. Chem. Soc., DiV. Polym.
Chem.)2002, 43, 175.

(195) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Weichold, O.J.
Polym. Sci., Part A: Polym. Chem.2003, 41, 3283.

(196) Percec, V.; Popov, A. V. U.S. Patent 2003078353, 2003.
(197) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Coelho, J. F. J.;

Hinojosa-Falcon, L. A.J. Polym. Sci., Part A: Polym. Chem.2004,
42, 6267.

(198) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.J. Polym. Sci., Part
A: Polym. Chem.2004, 42, 287.

(199) Percec, V.; Popov, A. V.J. Polym. Sci., Part A: Polym. Chem.2005,
43, 1255.

(200) Percec, V.; Popov, A. V.; Ramirez-Castillo, E.; Weichold, O.J.
Polym. Sci., Part A: Polym. Chem.2004, 42, 6364.

(201) Lacroix-Desmazes, P.; Severac, R.; Boutevin, B.ACS Symp. Ser.
2003, 854, 570.

(202) Lacroix-Desmazes, P.; Severac, R.; Otazaghine, B.; Boutevin, B.
Polym. Prepr. (Am. Chem. Soc., DiV. Polym. Chem.)2003, 44, 683.

Use of Iodocompounds in Radical Polymerization Chemical Reviews, 2006, Vol. 106, No. 9 3961



(203) Gaynor, S. G.; Greszta, D.; Wang, J.-S.; Matyjaszewski, K.New
Macromolecular Architecture and Functions, Proceedings of the
OUMS ’95, 2nd, Toyonaka, Japan, June 2-5, 1995; 1996, 1.

(204) Corner, T.AdV. Polym. Sci.1984, 62, 95.
(205) Butte, A.; Storti, G.; Morbidelli, M.Macromolecules2000, 33, 3485.
(206) Kakei, T.; Ueda, N. Japanese Patent 11269216, 1999.
(207) Kakei, T.; Ueda, N. Japanese Patent 11269215, 1999.
(208) Kakei, T.; Ueda, N. Japanese Patent 11140127, 1999.
(209) Wang, J.-S. U.S. Patent 2004014910, 2004.
(210) Kakei, T.; Wakiya, T. Japanese Patent 2000327716, 2000.
(211) Dong, Y.; Jia, L.Huaxue Yanjiu Yu Yingyong(Chem. Abstr.

1998:88581)1997, 9, 586.
(212) Moad, G.; Solomon, D.The Chemistry of Free Radical Polymeri-

zation; Pergamon: Oxford, 1995.
(213) Ueda, N. Japanese Patent 10060021, 1998 (Chem. Abstr.1998:

143413).
(214) Ueda, N.Kobunshi1999, 48, 513 (Chem. Abstr.1999:450762).
(215) Ueda, N. Japanese Patent 11255827, 1999 (Chem. Abstr.1999:

596925).
(216) Ueda, N. Japanese Patent 11171926, 1999 (Chem. Abstr.1999:

407121).
(217) Ueda, N. Japanese Patent 11147914, 1999 (Chem. Abstr.1999:

345779).
(218) Wakioka, M.; Baek, K. Y.; Ando, T.; Kamigaito, M.; Sawamoto,

M. Macromolecules2002, 35, 330.
(219) Mori, Y.; Tsujii, J.Tetrahedron1972, 28, 29.
(220) Boutevin, B.; Hugon, J. P.; Pietrasanta, Y.; Sideris, A.Eur. Polym.

J. 1978, 14, 353.
(221) Adams, R.; Vollweiler, E. H.J. Am. Chem. Soc.1918, 40, 2.
(222) Euranto, E. K.; Noponen, A.; Kukanpaa, T.Acta Chem. Scand.1966,

20, 1273.
(223) Ford, M. C.; Waters, W. A.J. Chem. Soc., Abstr.1951, 1851.
(224) Chambers, R. D.; Greenhall, M. P.; Wright, A. P.; Caporiccio, G.J.

Fluorine Chem.1995, 73, 87.
(225) White, E. P.; Robertson, P. W.J. Chem. Soc., Abstr.1939, 1509.
(226) Cho, C. G.; McGrath, J. E.J. Macromol. Sci., Chem.1988, A25,

499.
(227) Mulliken, R. S.; Person, W. B.Mol. Complexes1969.
(228) Bartlett, P. D.; Kwart, H. J.Am. Chem. Soc.1950, 72, 1051.
(229) Trifan, D. S.; Bartlett, P. D.J. Am. Chem. Soc.1959, 81, 5573.
(230) Ghosh, P.; Banerjee, A. N.; Mitra, P. S.; Chakraborty, S.J. Polym.

Sci., Polym. Lett. Ed.1975, 13, 35.
(231) Lissi, E. A.; Aljaro, J.J. Polym. Sci., Polym. Lett. Ed.1976, 14,

499.
(232) Schuler, R. H.; Kuntz, R. R.J. Phys. Chem.1963, 67, 1004.
(233) Kryger, R. G.; Lorand, J. P.; Stevens, N. R.; Herron, N. R.J. Am.

Chem. Soc.1977, 99, 7589.
(234) Foldiak, G.; Schuler, R. H.J. Phys. Chem.1978, 82, 2756.
(235) Lacroix-Desmazes, P.; Severac, R.; Boutevin, B.; Bodart, V.;

Kurowsky, V. WO 03097704, 2003.
(236) Boutevin, B.; Otazaghine, B.; Lacroix-Desmazes, P.; Dubreuil, M.;

Bodart, V. WO 03097705, 2003.
(237) Lacroix-Desmazes, P.; Severac, R.; Boutevin, B.; Bodart, V.;

Kurowski, V. Wo. Patent 2004094356, 2004.
(238) Kakei, T.; Wakiya, T. Japanese Patent 2000198810, 2000.
(239) Tonnar, J.; Lacroix-Desmazes, P.; Boutevin, B.Polym. Prepr. (Am.

Chem. Soc., DiV. Polym. Chem.)2005, 46, 280.
(240) Tonnar, J.; Lacroix-Desmazes, P.; Boutevin, B.ACS Symp. Ser.2006,

944, Chapter 41.
(241) Boyer, C.; Lacroix-Desmazes, P.; Robin, J. J.; Boutevin, B.Mac-

romolecules2006, 39, 4044.
(242) Scheirs, J.Modern Fluoropolymers: High Performance Polymers

for DiVerse Applications; Wiley: New York, 1997.
(243) Ajroldi, G. Chim. Ind. (Milan)1997, 79, 483.
(244) Kissa, E.Surfactant Sci. Ser.2001, 97, 1.
(245) Brace, N. O. U.S. Patent 3145222, 1964.
(246) Tatemoto, M.Purasuchikkusu1983, 34, 66 (Chem. Abstr.).
(247) Brinati, G.; Arcella, V. European Patent 924257, 1999.
(248) Bergeron, V.; Guerin, G. Wo. Patent 9833877, 1998.
(249) Lyons, D. F.; Moore, A. L.; Tang, P. L.; Vidal, A.; Wehner, J. F.

Wo. Patent 2002024770, 2002.
(250) Levitt, Y. B.; Scholz, M. T. U.S. Patent 2005084681, 2005.
(251) Brunner, M.; Desai, A. K.; Hindalekar, S. B.; Sahasrabudhe, S. D.;

Schneider, A.; Thanki, P. N.; Tinkl, M.; Zedda, A.; Gerster, M.;
Brand, F. J. Wo. Patent 2005059006, 2005.

(252) Haniff, M.; Deisenroth, T.; Jennings, J.; Mueller, K. F. Wo. Patent
2003010128, 2003.

(253) Reid,T. S.; Codding, D. W.; Bovey, F. A.J. Polym. Sci.1955, 18, 417.
(254) Ahlbrecht, A. H.; Codding, D. W.J. Am. Chem. Soc.1953, 75, 984.
(255) Shimizu, T.Modern Fluoropolymers: High Performance Polymers

for DiVerse Applications; Wiley: New York, 1997; Chapter 26, pp
507-524.

(256) Pittman, A. G.; Wasley, W. L. U.S. Patent 3574713, 1971.

(257) Pittman, A. G.Vortex1968, 29, 52.
(258) Pittman, A. G.; Sharp, D. L.; Ludwig, B. A.Polym. Prepr. (Am.

Chem. Soc., DiV. Polym. Chem.)1966, 7, 1093.
(259) Hisamoto, I.; Maeda, C.; Esaka, T.; Hirai, M. European Patent

102020, 1984.
(260) Boutevin, B.; Pietrasanta, Y.; Taha, M.; Lantz, A. Fr. Patent 2575165,

1986.
(261) Farcet, C.; Charleux, B.; Pirri, R.Macromol. Symp.2002, 182, 249.
(262) Washburn, S. T.; Bingman, T. S.; Braithwaite, S. K.; Buck, R. C.

EnViron. Sci. Technol.2005, 39, 3904.
(263) Prevedouros, K.; Cousins, I. T.; Buck, R. C.EnViron. Sci. Technol.

2005, 39, 3946.
(264) Dams, R. J.; Martin, S. J. U.S. Patent 2005121644, 2005.
(265) Audenaert, F. A.; Dams, R. J.; Tan, L. S. U.S. Patent 2005096244,

2005.
(266) Audenaert, F. A.; Dams, R. J.; Buckanin, R. S.; Flynn, R. M.; Vitcak,

D. R.; Jariwala, C. P.; McAlister, E. S.; Vander Elst, P. J. Wo. Patent
2003100159, 2003.

(267) Audenaert, F. A.; Dams, R. J.; Buckanin, R. S.; Flynn, R. M.; Vitcak,
D. R.; Elsbernd, C. L. S.; Jariwala, C. P.; McAlister, E. S.; Vander
Elst, P. J. Wo. Patent 2003100158, 2003.

(268) Audenaert, F. A.; Dams, R. J.; Buckanin, R. S.; Flynn, R. M.; Vitcak,
D. R. Wo. Patent 2003099904, 2003.

(269) Pawloski, A. R.; La Fontaine, B.; Levinson, H. J.; Hirscher, S.;
Schwarzl, S.; Lowack, K.; Kamm, F.-M.; Bender, M.; Domke, W.-
D.; Holfeld, C.; Dersch, U.; Naulleau, P.; Letzkus, F.; Butschke, J.
Proc. SPIE-Int. Soc. Opt. Eng.2004, 5567, 762.

(270) Bongiovanni, R.; Malucelli, G.; Pollicino, A.; Tonelli, C.; Simeone,
G.; Priola, A.Macromol. Chem. Phys.1998, 199, 1099.

(271) Cachet, C.; Keddam, M.; Mariotte, V.; Wiart, R.Electrochim. Acta
1993, 38, 2203.

(272) Vignaud, R. Fr. Patent 2567328, 1986.
(273) Juhel, G.; Beden, B.; Lamy, C.; Leger, J. M.; Vignaud, R.Electro-

chim. Acta1990, 35, 479.
(274) Woumfo, E. D.; Vittori, O.J. Appl. Electrochem.1991, 21, 77.
(275) Cachet, C.; Keddam, M.; Mariotte, V.; Wiart, R.Electrochim. Acta

1992, 37, 2377.
(276) Pahnke, J.; Ruehe, J.Macromol. Rapid Commun.2004, 25, 1396.
(277) Pahnke, J.; Ruehe, J.Polym. Prepr. (Am. Chem. Soc., DiV. Polym.

Chem.)2005, 46, 487.
(278) Boutevin, B.; Rousseau, A.; Sage, J.-M. U.S. Patent 2004097676,

2004.
(279) Boutevin, B.; Rousseau, A.; Sage, J.-M. European Patent 1312628,

2003.
(280) Bosc, D.; Boutevin, B.; Pietrasanta, Y.; Rousseau, A. Fr. Patent

2623510, 1989.
(281) Bosc, D.; Rousseau, A.; Boutevin, B. Fr. Patent 2600331, 1987.
(282) Maruno, T.Mater. Res. Soc. Symp. Proc.1997, 444, 27.
(283) Maruno, T.; Nakamura, K.J. Appl. Polym. Sci.1991, 42, 2141.
(284) Lacroix-Desmazes, P.; Andre, P.; Desimone, J. M.; Ruzette, A.-V.;

Boutevin, B.J. Polym. Sci., Part A: Polym. Chem.2004, 42, 3537.
(285) Apostolo, M.; Arcella, V.; Storti, G.; Morbidelli, M.Macromolecules

2002, 35, 6154.
(286) Yagi, T.; Tatemoto, M.Polym. J. (Tokyo, Jpn.)1979, 11, 429.
(287) Tatemoto, M.; Nakagawa, T. U.S. Patent 4155953, 1979.
(288) Tatemoto, M. Japanese Patent 53026781, 1978.
(289) Yamaguchi, S.; Oka, M.; Tatemoto, M.Kobunshi Ronbunshu1984,

41, 91.
(290) Tatemoto, M.Nippon Gomu Kyokaishi1984, 57, 761 (Chem. Abstr.

1985:47128).
(291) Tatemoto, M.Nippon Gomu Kyokaishi1993, 66, 673 (Chem. Abstr.).
(292) Tatemoto, M.Porima Daijesuto1994, 46, 61 (Chem. Abstr.).
(293) Tatemoto, M.Purasuchikkusu1991, 42, 71 (Chem. Abstr.).
(294) Carlson, D. P. U.S. Patent 5284920, 1994.
(295) Arcella, V.; Brinati, G.; Albano, M.; Tortelli, V. European Patent

683186, 1995.
(296) Yagi, T.; Tsuda, N.; Noguchi, T.; Sakaguchi, K.; Tanaka, Y.;

Tatemoto, M. European Patent 422644, 1991.
(297) Tatemoto, M. European Patent 399543, 1990.
(298) Ameduri, B.; Boutevin, B.; Gramain, P.AdV. Polym. Sci.1997, 127,

87.
(299) Arrigoni, S.; Apostolo, M.; Arcella, V.Curr. Trends Polym. Sci.2002,

7, 23.
(300) Bach, D.; Van Gool, G.; Steffens, J. Proceedings of the International

Rubber Technology Conference 2003, Cleveland, OH, October 14-
17.

(301) Brace, N. O.J. Org. Chem.1962, 27, 4491.
(302) Cohen, W. V. U.S. Patent 3017421, 1962.
(303) Ahlbrecht, A. H. U.S. Patent 3171861, 1965.
(304) Ahlbrecht, A. H.; Smith, S. Gb. Patent 904263, 1962.
(305) Ma, Z.; Lacroix-Desmazes, P.J. Polym. Sci., Part A: Polym. Chem.

2004, 42, 2405.

CR0509612

3962 Chemical Reviews, 2006, Vol. 106, No. 9 David et al.


