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1. Introduction

lodocompounds 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 (CTASs) are the fluorinated iodocompoungs, Fhese
compounds could be obtained in good yield by simple
addition of either HI or ICI 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, Tatemétopened 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)
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syntheses of well-architectured copolymers (especially block
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copolymers) are described. Finally, iodocompounds are be prepared by telomerization of fluoromonomers with
commonly utilized in an industrial scale for the synthesis of iodinated transfer agents. However, this last synthetic strategy
various commercially available intermediates (fluorotelomers, will be developed in section 3.2. Finally, the synthesis of
fluorinated alcohols, and fluorinated acrylates) or products iodinated CTAs by a radical pathway through the use of
used as surfactants, fire-fighting foams, surface modifiers, molecular iodine as a radical scavenger will be presented in
and thermoplastic elastomers (TPES). These applications aresection 4.4.

highlighted in the last part.

_ _ _ 2.1. Addition of HX onto Monomers
2. Synthesis of lodinated Compounds Used in The addition of HX (X= CI, Br. ) to monomers has

Radical Polymerization attracted the interest of many investigatidnsOne of the
This section aims at summarizing the whole range of most exciting surveys has involved vinyl ethers for their
iodinated CTAs, which were investigated in a radical process. living cationic polymerization. The combination of Hiilvas
Some examples of CTA syntheses are described. Noteworthydescribed as a very effective initiator/coinitiator system for
iodinated CTAs can be classifed into two different groups: this type of polymerization and was used to synthesize well-
the fluorinated ones and the nonfluorinated ones. Despitedefined telechelics’ macromonomer%? and block copoly-
the high number of publications on the syntheses of CTAs, mers® Similarly, fluorinated vinyl ethers have also been used
only three different pathways have been described so far tosuccessfully by Vandooren et &l The first step in such a
obtain iodinated CTAs: the addition of HX onto vinyl polymerization involves the addition of HI onto the double
monomers, the addition of ICI onto fluoroalkenes, and the bond yielding the corresponding 1-(1-iodoethoxy)alkane:
nucleophilic substitutionw-lodofluorinated CTAs can also  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 theend grou32* The addition of ICI to 1,1-dichlorodifluoro-
field of radical polymerization. ethylene was found to be regioselectias in the case of
Although HI seems to behave as a good cocatalyst in thethe addition onto CTFE (Scheme 2). The use of a catalyst
polymerization of styrene (Sty};'2the additions of HX to  (e.g., iron) affects the yield and the amount of byproduct.
Sty 3715 to MMA, 6 or to ethyl acrylat& also led success- HFP requires heat, unlike other monom&rsience, the
fully to the formation of the CHCR;R,X monoadduct. For  decreasing reactivity series about ICI can be suggested as
instance, Gaynor et & used this method to synthesize follows: CTFE> TrFE > VDF > CF, = CCl, > HFP.
1-phenyl ethyl iodide from hydriodic acid and Sty, the
guaternary ammonium behaving as a phase transfer catalysg.3. Nucleophilic Substitution

reaction a of Scheme 1). Another example was suggested . i .
( I ) xample w ug9 The nucleophilic substitution of the corresponding chlo-

Scheme 1. Synthesis of Alkyl-lodinated CTAs by Addition rinated or brominated molecules can involve an iodide salt
of HI (reaction a of Scheme 3). Teodore¥cexplained the
a) CH, =
CHa(CHz)w:'ll—CHa ¥ + H4T%  48hous o H Scheme 3. Synthesis of Alkyl-lodinated CTAs by
CH, 34eqi  40C Nucleophilic Substitution
0.1 equi 1 equi a) H H
HC=¢ H,C=C
H o + KI — o)
b) Cl 3 hours
+ H—I + 1, — H C+' o 0
HZC:<H 2 ice/acetone bath s al (;::HZCI ()::Hz[
by Bak et al*"~19 for the synthesis of 1-chloro-1-iodoethane b o o
(reaction b of Scheme 1) from the additions of HI onto vinyl Br O—CH, + Nal Acetore | | 1 O—CH,
chloride® while that onto vinylidene fluoride (VDFJ was CH CH,
3

also successfully achieved. Although 1-iodo-1-chloroethane
was involved in controlled radical polymerization (CRP) of
vinyl chloride® to our knowledge, no similar ITP has been
done on VDF.

synthesis of vinyl iodoacetate by reaction of vinyl chloro-
acetate with an iodide salt. A similar route was used by lovu
and Matyjaszewskt who synthesized methyl-2-iodopropi-
2.2 Addition of lodine Monochloride onto onate from the methyl-2-bromopropionate in acetone (reac-
Fluoroalkenes tion b of Scheme 3).
Unlike fluorinated CTAs, most nonfluorinated transfer

Unlike the addition of +F onto fluoroalkenes, which led  agent$>1819.3¢46 gre rather easy to synthesize and their
to scarce resear¢h?? the addition of iodine monochloride  chemical structure enables an easy transfer of the iodine atom
(ICl) onto these halogenated olefins has been achieved byto the propagating polymer chain while the resulting radical
many authorg®?¢ However, in the case of asymmetric s stabilized by either inductive/polar or resonance effects.
alkenes, these authors paid little attention to the presence ofSuch reasons, their low price, their solubility in organic
nonexpected byproduct arising from the reverse addition. solvents, and the good control results make them an obvious
Taking into account that the polarity of iodine monochloride choice for many different applications (Table 1).
is °*1--«CI°~ and regarding polar, ionic, and steric effects,
the formation of reverse isomer cannot be neglected. 2.4. Structural Requirements of CTAs

For this reason, the comparison of the reactivities of _ _
various fluoroalkenes, such as chlorotrifluoroethylene (CT- = S0me structural requirements have to be taken into account
FE) 24 trifluoroethylene (TrFEY? VDF,25 hexafluoropropy- for efﬁuent transfer of al!<yl iodides. Inde.ed,' because the
lene (HFPY3 and 1,1-difluorodichloroethyleriéwas deeply propagating chain must first a_lbstract the iodine atom from
studied in the presence of iodine monochloride. In most the transfer agent, the chemical structure oflIRransfer
cases, the different radical initiations (photochemical, ther- @g€nt is quite important. To ensure that there is no great
mal, and the use of redox catalysts or radical initiators) were Variation in free energy, one usual way lies on the preparation
investigated and the following results are summarized in Of @ transfer agent that mimics the propagating chain‘énd.

Scheme 2. Interestingly, it is observed that the lower the In the case where the transfer of the iodine atom from the
transfer agent to the propagating radical involves no change

Scheme 2. Reactivity of Various Fluoroalkenes with lodine in free energy, the transfer reaction is thermodynamically

Monochloride neutral (DT)!348 Preferably, the €1 bond should be labile
I—Cl + F,C=CF  ——» ICF,CFCl (40%) + ICFCFCI (60%) enough! to allow an easy transfer of the iodine atom to the
F; F; F; propagating radical. To this aim, the R group should stabilize

the resulting radical through inductive or resonance effects.

I-CI*FC=CFCl ——— ICF,CFCh (8-11%)+ ICFCICE,C (89-92%) Starks?® in his comprehensive study of the telomerization

I—Cl+F,C=CFH 5 ICF,CFHCI (5%) + ICFHCF,Cl (95%) reactions, explained that the activity of telogens toward chain
transfer depends on both the nature of the atom being

Cle FaCoCHy - ——— TCF,CHCL (0-1%) + ICH;CFCI (99-100%) abstracted (the decreasing order has been proposed as

I—Cl+F,C=CCh, — » ICF,CCk (0%) + ICCLCF,Cl (100%) follows: | > Br > Cl ~ H) and the other substituents on

the telogen that stabilize the telogen radical (the decreasing
fluorine content of the fluoroalkene, the higher the selectivity. series was suggested as follows: &NCO,R > Br ~ Cl| >
The monoadduct was obtained in all cases, leading toF > CH; > H). Itis also evidenced that primary end groups
original activated telogens containing £6r better, a CFCII are less effectivé than secondary ones. Therefore, head to
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Table 1. Nonfluorinated lodocompounds Used as CTAs sive kinetic research on the synthesis of monoadducts was
Transfer Agent Ref. Transfer agent Ref. performed by Tedder and WaltéhFrom various results of
cL & T TI73S the literature? 5052 the decreasing reactivity scale abogt R
may be proposed as follows: VDF TFE > F,C = CFH
> HFP > CTFE. For less reactive monomers, the more
CHI, T3S I 17 electrophilic the telogen radical is, the more difficult the
/©/ reaction is. This reaction is deeply investigated in the next
I section corresponding to the telomerization reactions of
CHal 363 11,4-bis(2- v fluoroalkenes in the presence of fluorinated CTAs.
- iodoegmyl)benzene —
it HC—C— 2.5. Conclusion
This section depicts the whole range of iodinated transfer
CICH 7% m T3 agents and especially their syntheses. lodinated transfer
n-for—¢fo agents can be either fluorinated or nonfluorinated ones. The
syntheses are rather simple and usually consist of an addition
of HI or ICI onto a vinylic double bond. However, unlike
CH,-CHCI 7T SoX] £ nonfluorinated monomers, their addition onto fluoroalkenes
©/ often leads to two isomers. Interestingly, it was observed
that lowering the fluorine content of the fluoroalkenes
CH,I-CH,I ! NCCH,-1 IRt increases the regioselectivity.
nCeH, -1 # EtO,CCH,-T TRHRS Finally, another way for obtaining iodinated compounds
nC3Hy-T 13 o=t o consists of replacing the halogen atom (Br or CI) of the
o molecule by an iodine atom by reaction with an iodide salt.
o However, this last method cannot be applied to fluoro
CH,I . . X .
; LT3 5 T com_pounds due to the strong inductive withdrawing el_e;c-
Y —-o-cH, tronic effect of the fluorine atoms. Such a nucleophilic
: - CC“; - substitution is also highly difficult to carry out onto precur-
)\/ IAFCO " sors bearing tertiary carbpns ippositjon of the halogen
&, atom. Hence, the competitive elimination of HX often occurs
I 7 CH, iy and cannot allow their use as CTA in radical polymerization.
O/ I CO,Et In most cases, the resulting radical from the scission of
CO,Et iodide radical, 1, is similar to that of a growing radical,
s CH;-CH—1 TBATAS provided by polymerization of vinyl monomers, i.e., styrenic,
«~»I (')_C_CH3 acrylates. This certainly enables CRPs of the corresponding
A monomers in the presence of iodinated transfer agents.
POE-OC(O)-CH,1 | " Poly(VAc-co-VAcl) 2 However, in the case of nonsymmetrical fluoroalkenes, it is

not obvious to direct the radical polymerization in the

head additions tend to decrease the transfer rate, by changingresence of fluorinated transfer agents since two isomers can
a secondary end group into a less effective primary end be produced by addition onto the double bonds and one of
group. both may slow or even stop the polymerization.

Thus, a wide range of iodinated transfer agents can be
prepared. Nevertheless, it must be emphasized that thes& Telomerization Reactions
molecular iodinated compounds are often UV light- and heat-
sensitive and can be prone to decomposition under storage. Before the occurrence of CRPs, and especially ITP, the
Consequently, special care should be paid to purify them first radical polymerizations performed in the presence of
prior to use. iodinated CTAs were mainly telomerization reactions. Only

Preferably used transfer agents include iodoform, 1-phenyl few studies dealt with the use of iodinated CTAs in the
ethyl iodide, ethyliodoacetate, and iodoacetonitrile (Table 1). telomerizations of nonfluorinated monomers. Indeed, most
Those transfer agents fit well to the best structural require- of works aimed at synthesizing fluorotelomers in the presence
ments. They all possess a labile carbaodine bond, and of fluoroiodinated CTAs. In this part, we focus on the
the radical resulting from the abstraction of the iodine atom telomerizations of fluorotelomers with fluoroiodinated CTAs.
is stabilized either by inductive/polar effect or by resonance A lot of fluoroalkenes have been involved in telomerization
effect. For example, while iodomethane or diiodomet&ne reactions leading to fluorinated polymers regarded as high
did not lead to a good control of the polymerization, value-added materials, due to their outstanding properties,
iodoformt33435pehaved as a successful transfer agent. Both which open up various applicatioPs5¢ Such polymers show
supplementary iodine atoms in iodoform induced a very low intramolecular and intermolecular interactions, which
strong inductive effect, which lowers the activation energy lead to low cohesive energy and therefore to low surface
and allows the rate of transfer to be comparable to the rateenergy. They also exhibit high thermostability and chemical
of propagation. In 1-phenyl ethyliodide and iodoacetonitrile, inertness, low refractive index and friction coefficient, good
the delocalization of the radical after the abstraction of the hydrophobicity and lipophobicity, valuable electrical proper-
iodine atom stabilizes the resulting radical and enables anties, and low relative permittivity. In addition, they are
easier abstraction of the iodine atom. nonsticky, resistant to UV, aging, and concentrated mineral

Concerning fluorinated CTAs, perfluoroalkyl iodideslR  acids and alkalies. Hence, their fields of applications are
have been used as telogens with most fluoroalkenes. Extennumerous®°”6! paints and coatings (for metals, wood,
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leather, stone, optical fibers, and antifouling), textile finish- constant of the telogenCgy), the telogen [XY], and the
ings, novel elastomee$, high-performance resins, mem- monomer [M] molar concentrations, as shown below taking
branes, surfactants and fire-fighting agents, functional ma- into account both high and low average degrees of telom-
terials (for photoresists or microlithography, optical fibers, erization. (i) For higm_pn'

and conductive polymers), biomaterials, and thermostable

polymers for aerospace. It was thus worth finding a model 1 XY] . ki,

for the synthesis of fluoropolymers in order to predict their =—=Cy anh Cxvy =1 1)
degree of polymerization, their structure (especially the DP, ko

defects of chaining when the monomeric precursor is , .
nonsymmetrical), and the mechanism of the reaction. According to eq 1, transfer constants of various telogens

One of the most interesting strategies is that of telomer- Were determine®
ization. Introduced for the first time by Hanford and Joyce (i) For low DP,, the activity of transfer of a telogen in
in 194852 this reaction usually leads to low molar mass the presence of a monomer is characterized by the transfer
polymers, called telomers, or even to monoadducts with well- constants (or coefficient€);" 6 that may be defined for each
defined end groups. Such products are obtained from thegrowing telomeric radical as the ratio of the transfer rate
reaction between a telogen or a transfer agentYXand constant of the telogeK to the rate constant of propaga-
one or moretf) molecules of a polymerizable compound M tjon K} (eq 2):
(called taxogen or monomer) having ethylenic unsaturation,
under radical polymerization conditions, as follows: )

Cxy =

&)

I |5

free radicals

X=Y +nM 222X (M), —Y

Telogen X-Y can be easily cleavable by free radicals 3.L.1. Redox Catalysis o _ _
(formed according to the conditions of initiation) leading to ~_In the case of telomerization with redox catalysis (Table
an X radical, which will be able to react further with a 2).**°*°"%%a metallic complex M. (M. is the metal and L
monomer. Telomers are_ intermediate products ben{Ve(:"r]Table 2. Transfer Constants of CatalystsCw: and TelogenCcc,
organic compounds (e.q= 1) and macromolecular species it Redox Telomerization of CTFE with CCI 57
(n = 100)> Hence, in certain cases, end groups exhibit a
chemical importance, which can provide useful opportunities
for further functionalizations. FeCl/benzoin 75 0.02

The scope of telomerization was first outlined by Friedlina CuCl 700 0.02
et al®in 1966 and then improved upon by Starks in 19%4.

Recently, we have summarized such a reaétionwhich represents the ligand) is added. The kinetic law applied to

mechanisms and kinetics of radical and redox telomerizationsredox telomerization depends on both the transfer constants

have been extensively described. of the catalyst and the telogen, but the former one is much
greater (eq 3):

nature of the catalyst Chwt Cccal,

3.1. Initiation and Mechanisms

o o _ 1 ML] [XY]
A telomerization reaction is the result of four steps: — = Cyy + Cyy (3)
initiation, propagation, termination, and transfer. These four DP, M] M]
steps have been described in previous revieft$>and are
summarized in Scheme 4 where XY;0=CRR, ki, Kp1, ke, As noted in both radical and redox mechanisms of
telomerization of fluoroalkenes, termination reactions always
Scheme 4. General Mechanism of Telomerization occur by recombination and not by disproportionation
Initiation (Scheme 5). In addition, it has been shown that, for the same
A koA

Scheme 5. General Mechanism in Redox and Catalytic

A+ XY —— X*HAY Process: (a) Catalytic Process and (b) Redox

X+ CF,B=CRR ——» X(C,F:RR)* @
RCHCICH,CXCh Mit(L,)CI XCh

Propagation i
X(CoFRR)® + CF;=CRR' —2  X(C;F:RR);

. kon .

bl ! n = ! — X C:F RR' n ° .
X(CFoRR), + CFr=CRR (CoF2RR ) @t(@)cb(RCHCHzcxcﬂ |:M1(L,2)c12(cxc12):|
Termination
k )
X(CsF5RR), + X(CoFaRR)y —L » X(CoFaRR),pX . RCH=CH,
|§/It(Lz)Clz(RCH=CHz(CXClz)
Transfer
X(C,F,RR), + XY K »  X(CFRR),Y +X ®)
RCHCICH,CXCl, CXCh
andk, represent the telogen, the monomer, the rate constant )
u

of initiation, the rate constants of propagation, termination,
and transfer, respectively. [Cu']
The kinetic law, regarding the reverse of the average

degree of telomerization, DP,, depends on the transfer

++

.
he————
REHCH,CXClre—peapmeq—CXCh
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telogen and fluoroolefin, a radical telomerization leads to roethylene (TFE) or TrFE], and environmentally friendly
higher molar mass than those obtained from redox catalysis.(since it does not contain any chlorine or bromine atoms),
e .. can easily polymerize under radical initiatiéhin addition,
3.1.2. Thermal Initiation by Telogen Decomposition it is a nonsymmetrical alkene and its propagation may lead
In certain conditions, sufficient energy supplied by tem- to a certain content of defect (i.e., tail to tail or head to head)
perature causes scission of the-X bond of the telogen  of VDF chaining. Many authors have investigated the
(Initer concept). Interesting examples concern the usg-of R telomerization of VDF2 Almost all kinds of transfer agents
Is in which the energy of the €l bond is 45 kJ moit.%° have been used, requiring various means of initiation:
The mechanism is rather similar to that of the radical thermal, photochemical, or from systems involving redox
telomerization except for the initiation step in which the catalysts or radical initiator. Table 3 summarizes the

radicals are produced from the telogen under temperature, o ) ]
as follows: Table 3. Telomerizations of VDF with lodinated Transfer

Agents?
X=Y T X +Y telogen method of initiation structure of telomers refs
. . ICI various initiations CICECHl 25
X"+ CF~=CRR — XC,F,RR HI thermal CHCFl 91
. . . CHal uv CH3CH,CFl 90
Re_gardmg the reactivity, t_)reakthro_ughs were achieved by ij UV, 28 days/RT c§(VD2F)52 89
Dolbier®® who comprehensively reviewed the syntheses, UVv/0—100°C CFR3(CaF2Hy)! 88
structures, reactivities, and chemistry of fluorine containing- uVv/140°C nggHzCCEz: (major) 85
free radicals in solution. He also reported the influence of TBPPI CE(VFSF)nf. (mind) o &7
the fngnnated substituents on the structure stab|l_|ty and the cph uv HCF,CH,CFl 86
reactivity of (per)fluoron-alkyl and branched chain (per)- iCsFl 185-220°C iCsF7(VDF)l; n=1-5  79-81
fluoroalkyl radicals and supplied an interesting strategic nCaFl 20 hUVI140-210°C  nGFA(CoFHa)l - 85
overview of all aspects of organofluorine radical chemistry. (CFIsCl Termal gFER/CD(\F/)DIF)”" n=he o
In addition, this review also gives a summary of relative rates e AIBN, ScCO» C4F2(VDF):,; n=1-9 82
of addition of various radicals onto some fluoroethylenes FeCW/Ni C4FsCH,CRl 79, 80
and especially the following increasing series of electrophi- Csz{Hé, 180-220°C CiFap+1(VDF)l; lown - 79-81
i ; . . p=1-
city first S.u ggested by E I<Souen| o é.P'C% N CF3(.:F2 CsF1:CFICR;  180-190°C CsF11CF(CR)(CHCRo)nl 79
< CFsCR® < nCiFCFR? < nCsFuCR® < (CR).CF < CICRCFCIl  181°C/26 h CICRCFCI(VDF),l 78
(CR)sC. ICHI DTBP/130°C ICH,—CH,CFol (91%) 77
o ICF,l LTA/70 °C ICFCH,CFl 76
3.1.3. Cotelomerization I(CaFa)nl, 180°C or rad I(VDF)MCoFa)n(VDF)gl; 75
L. . . n=1-3 variablep + q
In cotelpme_rlzatlon, the prqbler_n is sll_ghtly more complex pgpg-| DTBP, 140C diblock PFPE(VDFy; 74
and the kinetics have been little investigated. However, the n=5-50
equation proposed by Tsuchidaelating the instantaneous a Abbreviations: RT, room temperature; sc, super critical; DTBP,
DP, vs the kinetic constants has been confirfigeq 4): di-tert-butyl peroxide; LTA, lead tetraacetate; TBPRIt-butylperoxy

pivalate; and PFPE, perfluoropolyether group.

(DPY; = (r[My]* + 2[M][M 5] + r,[M,]°)/
(rCrIMIT] + r,CrrIMLI[T]) (4) different initiation ways for the telomerization of VDF with
. alkyl iodides?5:67.7494

where [M], [T], ri, andCyi represent the concentrations of  Ajmost all Rls and a,w-diiodoperfluoroalkanes (IRs)
the monomer Mand of the telogen, the reactivity ratio of \vere successfully utilized in thermal telomerization of VDF.
the monomer M(ri = ki/k;), and the transfer constant of  QOne of the pioneers of such work was Hauptschein &t al.
the telogen to the monomer. Furthermore, for knayyithe (who used CH, C,Fsl, n-CsF4l, i-CsF4l, CICF,CFCII, and
conversionsy; anda; of both monomers vs time could be  CICE,CFICK, at 185-220 °C) leading to high telogen
determined. _ _ conversions. Later, Apsey et@&land Balagtet al7®8used

The composition of the cotelomer, i.e., th(=T proportion of j.C,F,| and linear GFonsl (n= 4, 6, 8) telogens, leading to
monomer units in the cotelomer, can be predicted for known tejomeric distributions, with a better reactivity of the former
kinetic constants; and from [M], according to the statistical  pranched transfer agent. We have shown that, while the
theory of the copolymerization. Moreover, the probability monoadduct exhibits only the structure-G¥,CF.l, the
to obtain cotelomers of well-defined composition and then giadduct is composed of two isoméP$while the triadduct
the functionality of the cotelomer were calculated. had a rather complex structui@.
Usually telomeric distributions are obtained in good yields,

%eZéCliil(l)Jr(])goalkenes Used in Telomerization with more or less higlDP, according to the nature of the
telogen (and especially the electrophilicity of the radical
This section contains two main parts: The first one deals generated), and the experimental conditions (initial pressures,
with the telomerization of most used fluorolefins (VDF, TFE, [VDF]/[telogen] molar ratios, and temperatures).
CTFE, TrFE, and HFP), and the second one deals with Various iodinated telogens have been used in the radical
scarcely utilized fluoroalkenes (vinyl fluoride, 3,3,3-trifluo- initiation reaction: CICHI, CH,l,85 CHsl,%° CFsl,8” CICF,-
ropropene, and 1,1-difluoro-2,2-dichloroethylene). CFCII,"® C4Fl,82 and I(GF4)nl (with n=1, 2, and 3). GFl
was used in the telomerization of VDF in the presence of
3.2.1. VDF AIBN in supercritical carbon dioxide as the solvéhMore
VDF (1,1-difluoroethylene or V), regarded as nontoxic, recently, VDF telomers obtained from gRvere character-
nonhazardous, more safe to handle [in contrast to tetrafluo-ized by%F nuclear magnetic resonance (NMR) spectroscopy
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and by matrix-assisted laser desorption ionization time-of- Table 4. Telomerizations of Fluoromonomers with lodinated
flight MS (MALDI-TOF MS)® as the first example on a  Transfer Agents

perfluoroaromatic matrix and were silver cationized (Figure  fluoromonomer telogen conditions refs
1). Interestingly, the assessment of the average molar mass 1z CFl uv 100
CsFl 190-240°C 51
DP=10 o 11 1(CaFa)nl 230°C 101
a1 w711 CoFsl Cu/80°C 102
CTFE CICRCCl 140°C 23
- CICR,CFCII uv 27
) CFRl uv 103
B TrFE (CR):CFI hw 104
(CRs)CFI y-rays 105
11902 CRl hy 106
CiFantal 180-190°C 107
(n=4,6,8)
510 2083 HFP CRl uv 49
CICR,CFCII 200°C 108
P CaFo(CsFe)l 250°C 109
e DP=20 IC,F,CH,CRl  210°C 110
w\ } . s Vinyl fluoride E:CFlils) | Bx 21321
| 1536474 3!
R JLUMUl;TwMMuWVJ\ TEP CEl uv 20
6180 %14 13048 16482 CRil 225°C 20
. Messira _ CoFual DTBP 112-114
Figure 1. MALDI-TOF MS of PVDF obtained by radical (CRs),CFI DTBP 112-114
telomerization of VDF with CKl.87
in number and in Weightl\_an = 1240 andl\7lp = 1250, to low molar mass telomers, as for thermal initiation at high

respectively, which also confirmed those obtained# temperature. On the other hand, thermal initiation at low

NMR spectroscopy) enabled us to demonstrate that narroWtemp.)eratures and ghemically induce.d radical t.elome.rization
polydispersity indices (PD¥ 1.09) were obtained. provide telomers with higiDP,, and wider polydispersities.
Similarly, electron spray ionization was realized on \?DF 323 CTFE
and CTFE® telomers. The photoinduced telomerization of <
VDF was pioneered in 1954 by Haszeldiheho used CH The telomerization of CTFE with iodinated telogens has
as the transfer agent leading to the monoadduct. Capé&%t al. been investigated by many authéts?352117To increase the
studied the same reaction at 14Dfor 12 h and determined  reactivity of the telogens having-@ groups, the authors
the Arrhenius parameters for the addition ofsCradicals have introduced one or two chlorine atoms into the iodinated
to both sites of VDF. The activation energy of the isomer extremity. The synthesis of these new products is by addition
CRCH.CFR,l was about three times higher than that o;CF  of IX (X being Cl or F) to chlorofluoroalkenes as shown in
CRCHo.l. VDF and I-Cl were photolyzed producing IGH Scheme 6. Another special mention is stressed for the
CF,CI as the sole product in fair yieR}. This monoadduct ) .
was characterized frotH and 1F NMR spectra of Cht Scheme 6. Synthesis of New Transfer Agents by Addition of

CF.Cl, obtained after reduction with Sngt. IX onto Chlorofluoroalkenes
Few studies were realized on redox telomerization from IC1+ CLC=CF, ———— ICCLCF,Cl + traces of CbCCF,l
C4Fl and FeC;UNI; onIy C4FoCH.CF)l was obtained in a IF + CLC=CF, » ICCLCF; + traces of CLCFCF,I

55% yield?’®89The structure of this monoadduct is the same
as that produced by thermal initiation. Such a selectivity was

confirmed by Chen and E%who obtained ICECH,CFl addition of IBr onto CTFE that led to the formation of four

from ICF,l in the presence of lead tetraacetate. products: expected ICFCIGBr, BrCFCICR, and unex-
322 TFE DECtEd |CECFC|| and BI’CECFCJBI’.MS
] . . o Thus, versatile telogens have been produced with an
TFE is obviously the most used monomer in telomerization increased activation of the cleavable bond. In fact, in 1955,
because of the best compromise between its good ability toHaszeldiné already observed a kind of controlled character

polymerize (in comparison to other monomers) and the of the telomerization of CTFE according to the following
properties of the perfluorinated chains obtained. Furthermore, reaction:

because of its symmetry, there are no problems of regiose-

IF + CICF=CF; —— ICFCICF; + traces of ICF,CFCl,

lectivity or defects in chaining. However, it is the most CICE,CFCIl + F,C=CFCI— CI(CE,CFCI),|
difficult to handle because of its hazardous behavior toward
oxygen and under pressure. However, no deeper investigation was carried out to check

Whatever the ways of initiation, successful results have whether (DR) vs conversion showed a linear relationship
been obtained involving all kinds of telogetisA summary and narrow PDIs. Nonexhaustive studies dealing with the
of the literature is listed in Table 4 corresponding to telomerization of CTFE with these above telogens are
photochemical, thermal, radical, redox, and miscellaneoussummarized in Table 4.
initiations 20:23.27,49,51,85,10016 In contrast to the telomerization of TFE withelR, the

For the industrial scale, thermal telomerization appears theaddition of these telogens to CTFE has not been fully
most widely used, probably because of the thermal stability investigated. This may be explained by the fact that the
of the fluorinated telomers produced. Moreover, it is well- Rg(CF,CFCI),| telomers produced are more efficient telogens
recognized that the good reactivity with redox catalysts leads than the starting R transfer agents (as seen in the previous
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section) since CFC1l bond can even be more easily cleaved
than Ch—I bond. Table 4 sums up the results in the
literature.

When CFRl is used as the telogen, two isomers can be
produced since the addition @€ F; radical onto CTFE3:119
led to CRCRCFCIlI (mainly, 90%) and C{FCICFR.
Interestingly, Gumbrech and Detife used a mixture of
(CFsCOy), and CHE (as a iodine donor) to obtain of

CoFs(CoFsCl)ql telomers, although a rather higbP, (ca.
13) was observed.

Redox catalysis provides lower molar mass telomers.
However, some transfers from the catalyst (CuCl, Guai
FeCk) occurred and led to byprodud&.It can be concluded
from all of these results that the reaction betweehddd
CTFE is very complex and difficult to perform successfully.

3.24. TIFE

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 (Tablé4)10¢
Although both XCRLCFHY and XCFHCEY isomers have
been produced in most cases, Bidsiglvestigated the redox
telomerization of TrFE with iodine monochloride and
observed the selective formation of CICHHI as the sole
product. When thermal or photochemical initiations were
used, this isomer was the major product{®5%) but the
reverse CICFHCH was also observetf.

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).

Table 5. Thermal Telomerization of TrFE with Various
Fluoroalkyl lodides Transfer Agents and Percentages of
ReCF,CFHI Reversed Adducts

Amount of Amount of

Transfer agent

normal adduct (%) reversed adduct (%)
60 40
75 25

90 10

C4FsCH,CF,I
CyFsl
(CF3),CFI
CsFICFL

93 7
CF;

3.2.5. HFP

HFP is known to be telomerized or polymerized with
difficulty. Nonexhaustive results illustrating telomerizations
of HFP are listed in Table #:122122Among transfer agents
involving a C—I bond, for trifluoroiodomethane, the wave-
lengthA plays an important role on the telomeric distribution
since atl < 3000 A only CECsF¢l was formed whereas at
higher wavelengths, the two first telomers were produéed.
An interesting comparison between photochemical and
radical initiations was made by Low et &4 who studied
the competitive addition of GFto HFP and ethylene (E) at
different temperatures (up to 170 and 189 from ditert-
butylperoxide and UV-induced reactions, respectively). These
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authors noted that in all cases £CHHJl, CF3(CsFg)l, and
CF3(C3F6)CoH4l were formed. The two last products are
composed of two isomers, the normal one {CF.CFICR)
being produced in a higher amount than the reverse one
((CR)CFCR)). 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;CF
(CsFe)l was always produced in the higher amount whereas
the contrary was noted in the other process. By thermal
initiation, except for ICI, which led to both normal GF
CFICRClI and reverse GEFCICRI isomers at 98C, with
sometimes up to 40% of reversed addiictost other
transfer agents required higher temperatures, especially
higher than 200C.

The most interesting results, however, come frogsRr
IREls for which the terminal Cf—I group has a lower bond
dissociation energy than that of €FBr. The pioneer of such
investigations from 1958 was HauptscH&iwho used CH,
CsFl, and CICRCFCII 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.

Scheme 7. Telomerization of Hexafluoropropene in the
Presence of nGF19%
n-C3F71 + F,C=CFCF;
#-C3F7CF,CFICF; + F,C=CFCF;

— > #-C3F,CF,CFICF;

— > n-C3F[CF,CFCF;],I and so on

Among other fluorinated transfer agentsRClII telogens
are more reactive thangsRF,l as shown by Hauptschéhn
or by Amiry et al?> Tortelli and Tonellt°* and Baum and
Malik*®® have shown the stepwise mechanism. However, we
could not confirm the work of Haupstchein who showed that
the thermal addition of-CgF;I to HFP was as successful as
that of linear transfer agents.In our work, this telogen
reacted with HFP in a low conversion, up to ca. 30% at 250
°C.19To confirm this result, the telomerization of HFP with
the sterically hindered f£o(CsFe)l, carried out at 250C
for 48 h, led to 8% of GFy(CsFe).l, although this was not in
good agreement with Hauptschein’s restilis 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 CRl to HFP led mainly to (CE)sCl, whereas a
similar reaction in a Hastelloy vessel did not yield any
byproduct.

Thermal initiation appears the most efficient, especially
for Rel and IR:l. 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®* Baum and Maliki°®
and more recently Boulahia et ‘&P succeeded in telomer-
izing HFP with IRHs leading to normal 1(eFe)«(CF)nl and
“false” I(C3Fe)y(CF)n(CsFe).l adducts (wherex, y, orz=1
or 2). Another unexpected example concerns the radical
telomerization of HFP with ICECFR,CH,CFl (i.e., the
monoaduct from IgF4 with VDF), which selectively led
to ICR,CF,CH,CF,CF,CFICR;.110

Hence, apart from redox catalysis for which only one
investigation has been reported, several types of initiation
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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
Rondestvedt® who added GFolF, (prepared by reacting
C4Fgl onto CkF) as the catalyst at 12@ while telomers of
3,3,3-trifluoropropene (TFP) (this monomer was prepared
for the first time by Haszeldirié¢’ by dehydroiodination of
FsCCH,CH,l) have led to more investigations. Nowadays,
this fluoroolefin is commercialized by the Great Lakes (now

David et al.

[(CTFE)(VDF)]l wheren + p varies in the range of-320
depending on experimental conditions.

Furukawa® used RIs and IRIs 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 Daiki? Ausimont*! (now Solexis), and
DuPont*? to produce novel fluorinated copolymers with
targeted molar mass and narrow polydispersities.

Tatemoto and Nakagawd started fromiCsF;I under
peroxide initiation to cotelomerize VDF and HFP, useful for
the preparation of block and graft copolymers. Haupstchein
and Braid** studied the cotelomerization of HFP and TFE

Chemtura) Company, and more recently, extensive work has,;itn, ICsF.Cl at 190-220 °C and obtained various molar

been carried out to produce original telomers of TFP with
various CTAs (branched or linearR %114 diethylhydro-

mass cotelomers depending on initial molar ratios of the
reactants.

genophosphonates, thiols, and methanol lead to the best

yields). This confirms previous works from @Funder
thermal or photochemical initiation, the latter being more
selective than the formé?.Low et all?* 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 CECH=CF, and CR—CF=CH, with
CFRsl have been compared by Haupstein et?&alOnly the
latter olefin leads to telomers, useful for hydraulic fluids,
lubricants, and heat transfer medt&Similarly, C;FsCF=
CF; has been telomerized thermally by Paciorek ét%akho

suggested a probable mechanism. Longer perfluoroolefins,

or perfluoroalkyl vinyl ethers, investigated by Paleta’s group,
mainly*3%-132|led to monoadducts, as for the radical addition
of Rel onto GF1:.CF=CF,.

An interesting study concerns the addition of iodine
monochloride to this olefin, producing exclusively CIKEF
CCl,l isomer at—10°C (Scheme 6). However, at higher

Scheme 8. Synthesis of Poly(TFE-ter-VDF-ter-HFP)
Terpolymer by Step-Wise Cotelomerization

I(VDFB(TFE}](VDFZII + HFP—» I(H'FP)‘(VDFE)(TFE}](VDF&(HFP)},I

1(HFP) (TFE)(HFP)I + VDE———» I (VDF)(HFP) (TFE)HFP}(VDF),I

Scheme 8 shows one typical example where the telomer
formed acts as an interesting transfer agent for a further
telomerizatior’® 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

temperatures and in the presence of iron as the catalyst, thérepare well-defined molecules, and their well-characterized

CIsCCRil isomer was also produced, and the formation of
chlorinated product CIGEECI; was also observed under these
conditions?® Surprisingly, the telomerization of 1,2-dichloro-

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-

1,2-difluoroethylene has never been achieved from iodinatedcritical fluids). In addition, it is also an elegant model of

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 elastofiensthermoplastic$
The literature is abundant on the radical copolymerization
of two fluorinated olefins or copolymerization of fluoroalk-
enes with nonhalogenated monomers (e.g., vinyl etHérs,
regarded as electron withdrawing and electron donating,
respectively. However, few articles or patents report the
cotelomerization of fluoromonomers. Bra&e provided
interesting reviews on the radical addition gi$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

(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 fluoropolymer$?).

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-
guences on the structures and on the properties of materials
thus obtained. For example, in the case of fluoroacrylic

VDF seem to have attracted much interest because theymonomers, it is well-known that the crystallization of

constitute interesting models for Cefral, Foraflon, Kel F, or
Solef copolymers? First, Hauptschein and Braid thermally
cotelomerized these olefins with gfor CICF,CFCI*37:138
leading to cotelomers of random structure CJCFCI-

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).
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4, |ITP that involves a xanthate, various authors sometimes refer

. . L . to the "MADIX” process as claimed by the Rhodia
CRP includes a group of radical polymerization techniques ~ ompanyt5-167 which stands for macromolecular design
that have attracted much attention over the past decade forthrough the interchange of xanthates.

providing simple and robust routes to the synthesis of well- Two main mechanisms can be distinguished as follows:

defined polymers, low-dispersity polymers, and the prepara- g, e sjpe termination (NMP, ATRP) and reversible transfer
t'?rt'hOf novtﬁl fgnctlonatl rgater:caFé‘. i The general p_rtl)?mpk? (RAFT, ITP). In reversible termination, the transient propa-
? _edme t'o tS reporte sob a;r re |eséon a r(tevirsl €ac IVa’gating radicals can recombine (irreversible termination) but
ion—deactivation process between dormant chains (or cap-j produces an excess of persistent species (nitroxyl radical,

petd chaints) ?nd ﬂzctive dck:ains (or pr?palgatisnghradicalz); theoxidized organometallic complex) (Scheme 10a,b), so that
rate constants atkc andkaean: respectively (Scheme 9 the reversible cross-termination is rapidly favored. Therefore,

Scheme 9. General Scheme of Reversible Activation in in reversible termination, the control of the polymerization
CRPL60 can be achieved by the persistent radical effeéctin
M reversible transfer (RAFT, ITP), the whole process can be
. Qkp simplified to an exchange process with the apparent rate
act . constant of degenerative chain transfer (@} (Scheme
e Kaeact AR 10c,d). In DT, ?he key parameters are the c%n(centration of
dormant active chains the transfer agent (to control the molecular weight) and the
chains (propagating) chain transfer rate constant (the higher kagy 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 aR dormant
polymer chain® The expelled Rradical can then reinitiate
the polymerization. The newly formed polymer chain can
propagate or react with the transfer agentXRor with the
dormant polymer chain PX. 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.,

The past few years have witnessed the rapid growth in
the development and understanding of new CRP meth-
0ds!4°157 The most efficient CRP methods are nitroxide-
mediated polymerization (NMP) that requires alkoxyamifigs;
atom transfer radical polymerization (ATRP) involving alkyl
halides, metallic salts, and ligan&$;16%163 reversible ad-
dition—fragmentation chain transfer polymerization (RAFT)
using dithiocarbonyl derivative’$* and ITP using alkyl
iodides®® The respective specific mechanisms are briefly
summarized in Scheme 10. It is noted that in Scheme 10c,

Scheme 10. Various Reversible Activation Processes low concentration of consumed initiator).
Involved as Key Steps in the Process of CRP This section focuses on the fundamentals of ITP as first
called by Tatemott§° and then named “DT” process with
R, O" alkyliodides by MatyjaszewskP® The mechanistic under-
Pn—O—N: + 0—\1 standing of ITP is first discussed followed by the reactivity
Ry ﬁ" "Ry of several usual monomers toward iodocompounds in ITP.
(a) Nitroxide-mediated radical polymerization (NMP) 4.1. Mechanistic Understanding of ITP
ITP is a DT polymerization requiring alkyl iodidé%*”
Ok ITP was developed in the late 1970s by Tatemoto et
P—X + MbXL L al.1169°171 at the Daikin Company. The mechanism of ITP
kdm with alkyl iodide is depicted in Scheme 11. The mechanism
L Jl can be described as follows.The initiating radical, A
(b) Atom transfer radical polymerization (ATRP) generated by thermal decomposition of a conventional
Qk S—p Scheme 11. Elementary Steps in ITP
P 5 S—C _-_kadd pn_s_C{ decomposition of (A2) initiator
Yz k aaa 7 Ay—> & @
mitiation
k.pfl kp R nM P ()
5. hain t: fe
S p Cham transier : .
Pu_S_C:, + pl:_l()k 4]’: \ + I-R kﬁ Pi—I * R (©)
z ko
(c) Reversible addition-fragmentation chain transfer process propagation :
Ly oM P @
(RAFT and MADIX) . " A
Pm Prim

equilibrium between dormant and propagating species (degenerative transfer):
M +M 7,l’,: + [—p, ——— Py + I—Py (e)
ko P M kp
kemh .

Pp—1 + Py~ i Pp* o+ Pyl

termination :

(d) lodine transfer radical polymerization (ITP) Py + Po —_— dead chains 6
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initiator (such as AIBN) in step a, adds onto M monomer,  Determination of Cr;. Various methods are available to
and the resulting radical propagates (step b). The exchangeasses<r;. The method of May®? is based on the deter-
of iodine from the transfer agent,-R, to the propagating  mination of the molar mass (or QPvs [M]o/[CTA], for low
radical, R, results in the formation of the polymer alkyl monomer conversion {10%). This method is used to
iodide, R—I, and a new initiating radical, Kstep c). Large calculate Cr; of solvents or telogens, according to the
differences in the stability of the reactants and products following equation assuming a negligible contribution of the
involved in step ¢ could result in shifting the equilibrium initiator (eq 5):
overwhelmingly to the right) > 1] or to the left K <
1]. Therefore, the case when the structure of R closely looks DP, o= [M]/(Cyy x [CTA]p) (5)
like that of the propagating radical results in a nearly
thermodynamically neutral transfer stéfy] = 1]. Activated where [M), [CTA]o, DP,o, and Cy; represent the initial
transfer agentsq,) > 1] are preferred in order to create the monomer and transfer agent concentrations, the number
dormant polymer chains early in the process. Poor transferaverage degree of polymerization (fpRt low conversion,
agents K < 1] would result in a slow generation of new and the chain transfer constant, respectively. This equation
polymer chains all along the process, broadening the mo-is usually applied for radical telomerizatioffsHowever,
lecular weight distribution. In step d,;’Ryenerated from the = because DT does not create new polymer chains, it means
alkyl iodide or the R, adds onto a monomeric unit and that this method can also be used in ITP to as€gssvhat-
propagates. The exchange process described in step e igver theCe, value. For instance, Lansalot et'&.used this
thermodynamically neutral becausg @d R, propagating  method to determine the transfer constant of perfluorohexyl
chains have the same structure [it is the so-called DT reactioniodide in bulk Sty polymerization initiated by,o-azobis-
whose corresponding equilibrium const#qg, is worth 1]. (isobutyronitrile) at 70°C and found a value d&r; = 1.4.
As in any radical process, the termination occurs in ITP  The method of O'Brieff® is based on the determination
polymerization (step f). Minimizing the termination step of the transfer agent consumption vs monomer conversion
remains essential to keep a good control of the polymeriza- (eq 6).
tion. Ideally in ITP, to obtain polymer with a narrow molar
mass distribution, the rate of exchange should be higher than (RYIMD/(RJICTA]) = k/k, = 1/Cqy (6)
that of the propagatiot:'® The ratio between transfer and
propagation rates is called transfer const@twhich gives  After integration, it gives eq 7:
the intrinsic reactivity of the transfer agent.
Several techniques afford the calculatiorCafvalue. This ~ Cr1 = IN([CTA]/[CTA]/In([M] /[M]) =
is actually a crucial parameter to target the macromolecular In(1 —a)/In(1 —p) (7)
architectures of the resulting oligomers. Noteworthy, this
mechanism may be modified by using high temperature or wherep andq are the conversions of monomer and transfer
UV, because the €1 bond may be cleaved to give &nd t agent, respectively.
radicals. This reaction corresponds to the decomposition of ~Again, because DT does not interfere with the consumption
the transfer agent. It was widely studied by Ameduri and of transfer agent and monomer, this method can be used in
BoutevirP® concerning the synthesis of fluoro-oligomers ITP to determineCri, whatever theCe value. For instance,
obtained in the presence of perfluorinated iodocompounds. Kowalczuk-Bleja et at’® studied the polymerization of Sty
This process, which leads to low molar mass oligomers, hasinitiated by AIBN at 83°C in the presence of benzyl iodide
been deeply investigated in section 3. as the transfer agent and plotted Ln(pIy]) and Ln-
o (ICTA]W/[CTA]) vs time. Although the authors did not use
4.1.1. Determination of the Transfer Constants these data further to assess the transfer constant, a value of
Several laws enable the assessment of the transfer constant;; ~ 2 could be calculated for this system.
value for conventional telomerization reactiéfi-or CRPs, An alternative method based on the evolution of thg, DP
such as ITP or RAFT, the assessment becomes more complexyith monomer conversiop can also be mentionét{eq 8):
because the dormant chains also act as further transfer agents
(Scheme 11). In the ITP mechanism, two different transfer C;, = In{1— (pIM] /(ICTA],DP)}[In(1 — p)] (8)
reactions occur and it is necessary to well-differentiate these
two reactions: (i) The first one is based on the transfer agentThis latter equation holds for low values 6%, (typically
itself and is defined by the transfer constalyy (Cry = Cr1 < 1) (for Cr; > 1, the DR value approaches QP=
kri/kp); Cr1 actually measures the activity of the iodinated [M], x p/[CTA]o from low monomer conversion and,
transfer agent. (ii) The second one occurs between twotherefore, this method is not suited to calcul&e in this
polymer chains (DT) and is defined by the exchange constantcase). For instance, Teodore¥tapplied this method to the
Cex (Cex = kexkp). Unlike Cry, Cex is characteristic of the  polymerization of Sty initiated by AIBN in benzene at 60
DT (i.e., the evolution of the molecular weight distribution °C and obtained a value @f; = 0.46 for vinyl iodoacetate
vs monomer conversion). Noteworthy, an increaseCgf as the transfer agent.
leads to a lower PDI of the polymer chains. Determination of Cex. The experimental determination of
Both of these constants are difficult to determine separately Ce, requires the use of a macromolecular transfer agent with
because the transfer reaction and the DT occur simulta-the same structure as the dormant polymer chains, i.e., an
neously. Nevertheless, it can be noted that if the iodinated oligomer with an iodinated chain endy(P), to act as a DT
transfer agent shows a similar structure to that of the polymer agent in the CRP. Indeed, the use of such a macrotransfer
chains,Cr; and Cex might be very close. agent B—I simplifies the system sinc€r; = Cey.
In the literature, different methods to obtain the transfer  Lacroix-Desmazes et &7 used poly(methyl acrylate)l
constants are mentioned and are reported below. Howeverpligotransfer agent in the polymerization of methyl acrylate.
these methods allow the determination of eit@er or Cey. The degree of polymerization of the oligotransfer agent was
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very low (DR, = 2) as compared to the QR = 129
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mode of termination (1 for termination by combination, 2

determined by size exclusion chromatography (SEC) at very for termination by disproportionation), is the initiator

low conversion; therefore, the method of Mayo could be used
(eq 9):

DP, = [M] /(C, x [CTA]) 9)
Thus, a DT constant value @.x = 2.2 was obtained for
poly(methyl acrylatey| at 70 °C. It is worth mentioning
that the value ofCe could be chain length-dependent,
especially for a low degree of polymerization. Indeed, al-
though of similar structure, the transfer const@gg = Key;/

efficiency, [Ink is the initial initiator concentration, and [I]
is the initiator concentration .

DT does not influence the number of polymer chains;
therefore,Cex has no effect on thd,. The value ofCry
determines the evolution of thd, as follow$517°(eq 14):

Mn = (p[M] OM monome)/
{[CTAL[1 — (1 — )™ +af({in],— [In] )} (14)

k,p of a transfer agent of very low degree of po|ymerization which can be simplified if the contribution of the initiator is

i could be different from the transfer consta&ak; = Key;/kp
of a transfer agent of higher degree of polymerizatiorhe
effect of chain length dependence kyf can be neglected

neglected (eq 15):

Mn= (p[M] OM monome)/{ [CTA] 0[1 - (1 - p)CTl]} (15)

because the propagating radicals involved in the transfer step

are of a relatively high degree of polymerization (3P=
129 in the example discussed above and tus k).

Goto et al*>'"8used a poly(styrene)l macrotransfer agent
of My p-nvr = 1900 g mot? in the polymerization of Sty.
They first employed the method of O'Brien and Gormick to
determineCey. The consumption of the macrotransfer agent
was monitored by the peak resolution of SEC analyses (eq
10):

Cex = IN([Po—11¢/[Po—1D)/IN([M] ¢/[M]) =
In(1—r)/In(1 — p) (10)

wherep andr are the conversion of monomer and mac-
rotransfer agent, respectively.

Goto et al'>17® 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 P—I and the incremental part of the molecule, respec-

where Cr; is the transfer coefficient of the transfer agent.

For Cr; = 1, the monomer conversion equals the transfer
agent conversion at any time of the polymerizatipr=q)
and M, is almost constantM, = [M] oM monomel[CTA] o if
the contribution of the initiator is neglected) (Figure 2). For

25000 ‘ ——CT1=05 —O-CT1=1
——CT1=5 -X-CT1=10

15000 -

Mn (g.mol")

10000 -
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0
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Monomer conversion
Figure 2. Evolution of molecular weightM, with monomer

80% 100%

tively. Hence, a rather complex procedure has been usedconversion for different values d&r, according to the equation

based on egs 11 and 12:

Y =w, %Y, + WYy (11)

and

[Ye = (L, @] " = Ce,[P/(2 = P)]

whereY = (Xw/Xn) — 1, Yk = KXux/Xnk) — 1L, wa =1 — wg

= Xn.AlXn, Xn = XnaA T Xn.B, @andx, andx, are the number and
weight average degrees of polymerization vidtk= A or B.

In both cases (peak resolution and polydispersity analysis),
Goto et al. obtained a value @&y = 3.6 in bulk polymer-
ization of Sty at 80°C.

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

The number average molecular weigM,f is given by
eq 13:

Mn = (p[M] O'VI monome)/
{(alCTA]p) + af([In],— [In] )} (13)

wherep is the fractional monomer conversion, [M§ the
initial monomer concentrationVmenomer IS the molecular
weight of the monomer is the transfer agent conversion,
[CTA], is the initial concentration of transfer ageats the

(12)

Mn = (p[M] oM monome)/{ [CTA]o[1 — (1 — p)°™]} (conditions: [M}
[CTA]o = 100, Mnonomer= 104 g mofl).

Cm1 < 1, theM, decreases when the monomer conversion
increases because new polymer chains are continuously
generated. FoCr; > 1, theM, increases when the monomer
conversion increases.

It is more difficult to assess the effect of the transfer
constantsCr; and Cex on the evolution of the PDI of the
polymer chains. Mier et al!® studied the particular case
of Cr; = Ce but their equation (eq 16) can only be
considered as a first approximation since it does not consider
radical termination:

PDI = { 1+(M] /[CTA])[2 + (2 — P)(1 — Ce)/Cl}/
{pIM] /(ICTA[1 — (1 — p)*])} (16)

Monteiro'”® 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 Mar et al. forM,
and PDI vs conversion. The results show that at a high value
of transfer constantGex = 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 t€. = 5, the PDI decreases with
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cocoTiooE o cecoriar ‘82 and polyiodocompound$® Molar masses were claimed
28 17— 7 _{_Cex=CT1=5 —X-Cex=CT1=10 | to be in the 3000610000000 range; yet, polydispersities
2.6 +— — —%Cex=CT1=1000 were narrow (1'2_1.3)'182,183
———F——— Several investigations have shown that ITP can also occur
o L in various processes: emulsion, solution, or later by mini-
emulsiont’ This is not extensively described here, but
several articles and patents of Tatentté®-186or from
DuPont*? or Ausimont*-'87 have been reported, using
ammonium persulfate as the initiator and involving TFE,
VDF, and HFP as the monomers.

0% 20% 40% 60% 80% 100% The first fluoroelastomers produced by ITP, which could
be peroxide-curable leading to commercially available Dai-
El,*® were developed by Daikin (and now mainly by its

PDI

Monomer conversion
Figure 3. Evolution of PDI with monomer conversion for different

values of DT constan€e, in the particular case dfex = Cri, subsidiary called Dai-Act). Such a polymer is stable up to
according to the equation PB# {1 + (IM]o/[CTA]o)[2 + (2 — 200°C and finds many applications in high technology such
P)(1 — Ced/Ced}{pIM] /([CTA]o[1 — (1 — p)C9]} (conditions: as in O-rings and gasket$;®transportation, and electron-
[M]o/[CTA]o = 100). ics.

The low efficiency of GF13l 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.

lodine transfer polymerization is one of the scarce methods
that makes it possible to control the polymerization of
PDI= 1+ [CTA]{/[M], + 1/C,, a7 fluoroalkenes such as TFE or VDF. lodine-containing

compounds have been used for a long time as CTAs in

which simplifies further for high values of [M[CTA], (eq telomerization. However, the controlled character of the

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 conversiop & 1), the PDI is given

by a simple equation (eq 17):

18): polymerization carried out in the presence of alkyl iodides
was revisited?18218A |arge variety of branched or linear
PDI=1+ 1/C,, (18) Rels'*or IR¢Is'® and even polyiodidé® have been involved
in ITP of fluoroalkene$?
4.2. Halogenated Monomers Used in ITP Recently, our teafd® 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 VB¥ was

carried out at 78C in the presence of perfluorohexyl iodide

(CsF13l) and two populations were observed, as depicted in

Figure 4. The first one consists of the normal head-to-tail
) ~second one arose from the reverse head-to-kezid,CF—

On th_e basis of_well-selected monomers, ITP can easily CF.CH,— addition followed by a transfer step. We showed
be applied to fluorm_ated .alkenes. In_deed, Tate_moto Bal. “that the —CH,CF.l functionality regularly decreased for
have been succeeding since they pioneered this approach iMigher targeted DPand became even minor as compared to
;98Q on VDF and VDF/HF'P. Noteworthy, basic simila}rities that of the —CF.CH,l functionality from DRs (Table 6).
in this controlled polymerization system are found in the Ggjing further, the fractionation of produced poly(vinylidene
stepwise growth of pplymer chains with each active species. flyoride) (PVDF)-I (DP,s) was carried out and evidenced
The active propagating center, generally located in t.h(.e endihe absence of-CH,—CFl for fractions containing low
groups of the growing polymer, has the same reactivity at pp, telomers. To understand such a behavior, ITP of VDF
any time in the course of the polymerization even when the \yas also carried out in the presence of 1,1,2,2-tetrafluoro-
reaction is stoppet?® In the case of ITP of fluoroalkenes, 3-iodopropane at 73C. Such a CTA was chosen since
the terminal active bond is always the-Cbond originating it exhibited a VDF end unit (HCF-CFRCH,—I). In that
from the initial iodine-containing CTA and monomer, as case, the polymerization led to higher defects of VDF

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.

follows: chaining and to uncontrolled QP
Reor A Finally, the kinetic&® of ITP of VDF were achieved in
CFonti—1 + (p + 1)H,C=CF, the presence of several fluoroiodinated transfer agents, i.e.,
C.Fon +1(C2H2F2)p—CHZCF2—I perfluorohexyl iodide €Fi4l, 1,1,2,2-tetrafluoro-3-iodopro-

pane HCECR,CH.l, and GF1sCH,CF,l. The variation of DR
Tatemoto et at82183 ysed peroxides as other classical Vs the monomer conversion is presented for each CTA in
initiators of polymerization in solution involving usually ~ Figure 5.
perfluorinated or chlorofluorinated solvents or in emulsion It was noted that experimental Pkhearly increased with
processes while miniemulsion was successfully chosen byVDF conversion when RCF,l transfer agents were used,
Ausimont!®* Improvement was also possible by using diiodo- which evidenced the controlled character of the VDF radical
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Figure 4. 1°F NMR spectrum of the poly(vinylidene fluoride)-I (recorded in deuterated acetone) [average degree of ponmeET&)ion (
= 13] obtained by ITP of VDF with gF3l.18° Experimental conditions of ITP of vinylidene fluoride withsfal: [VDF] o:[CeF13l]o:[tert-
butylperoxypivalate] = 100.0:6.6:0.6 at 75C. Reprinted with permission from ref 189. Copyright 2005 American Chemical Society.

Table 6. Summary of Average Degree of Polymerization[l_Pn) for Various Concentrations in CTA (CgF131) for the Polymerization of
VDF 18

functionalityeyp

concn ratio%

e —CR-| —CHy—|
e B %) (%) functionalityheo
[tert-butylperoxy- targeteddP,¢ exp QlypF® —CR—I

run pivalate} (oe =100) DP (%) 19F H 19k H (%)

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 Soéiggmperature, 75C. ¢ Calculated by DRy = ([M]o x
®)/(Cr1 x [CTA]o). ¢ Determined by*F NMR: DP, = (JCF, *0P2 + f(CF,380pPM+ CF,~108.000M/2 4 [CF,~1120pP2)/(fCFy~820PP3) andH

NMR DP, = (fCH25PPM+ [CH,30pPM 4 fCH,33pPm+ [CH,36PPM+ [CH,39PPm)/(fCH,33rPM. € Conversion of monomer measured by gravimetry:
avor = (weighPoYme)/(weightnonomer+ Weightr,y) x 100. " Determined by theoretical functionality in @Fl = ().

polymerization. Indeed, experimental P¥alues perfectly  transfer reaction occurs, i.e., transfer of &H,l onto the

fit with the theoretical ones (straight line). In the case of macromolecular chain.

R—CH,l transfer agent, a poor control of the polymerization =~ These values are in good agreement with the assumptions
was observed. Interestingly, the transfer const@atsvere given in the mechanistic understanding of ITP (see section
determined for each iodinated transfer agent from the 4.1.2); that is, whenCq is higher than 1, a controlled
O'Brien’'s method”™ 1% presented in section 4.1.1. For character is observed. These transfer constant values perfectly
R—CF,l transfer agents, the transfer constants were calcu-assess the different reactivity 6fCF,l and —CH,l end

lated about 7.5, whereas for—+CH,l, the Cr; transfer groups; the former enable a CRP of VDF.

constant was about 0.2. However, for—RF,l transfer .
agentsCr1 ~ Ce, because the transfer agent has a structure 4-2.2. Chlorinated Monomers

close to that of the dormant polymer chains. In the case of Among halogenated monomers, chlorinated monomers
R—CHyl, the process is actually a telomerization as only one such as vinyl chloride and vinylidene chloride have been
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a 16 copolymer of HFP and VDF prepared by iodine transfer
14 4 JPtd 4 copolymerization in emulsion with perfluoroisopropyl iodide
12 1 x as the transfer agent. The iodo-containing fluoropolymer latex
10 4 e is then used to grow the second block of PVC by seeded
_ 8 o emulsion polymerization.
DPa 6 ; x In 1994, Bak et at”18claimed the CRP of vinyl chloride
41 . % by ITP in the presence of alkyl iodides as transfer agents.
21 $°.-7 The authors particularly focused on 1-chloro-1-iodoethane
0 e ' - - ' ' (see section 2.1), which was used as a transfer agent to
0 02 04 06 08 ! control the molar mass and to decrease the PDI of PVC
monomer conversion prepared by suspension polymerization. A similar process
b 70 was patented by Wang et @F.to prepare PVC with a very
. low degree of polymerization.
60 - More recently, Percec et &8 investigated CRP of vinyl
50 - " chloride and proposed a process based on the use of alkyl
a AL iodides such as iodoform (CEJl as the initiator in the
_ 401 4a A ] presence of metals in their zerovalent oxidation state. This
DPa 49 . A was a first step toward metal-catalyzed CRP of vinyl
20 |a chloride. However, because the polymerization of vinyl
. chloride was dominated by chain transfer to monomer rather
[ I than bimolecular recombination, the classical persistent
0 _____——I——-""I" . . . radical effect could not occur. Therefore, zero valence metals
0 02 04 06 08 1 such as C@ catalyzed the radical polymerization of vinyl

chloride only up to 20% conversion by a combination of
monomer conversion metal-catalyzed initiation and degenerative chain transfer

Figure 5. Variation of the average degree of polymerization in Processes. The process was then _improved by using Cu(l)
number DP,) vs the monomer conversion for ITP of VDF COMplexes at room temperature in a two-phase system
performed with different CTAs and at two temperatures. @& containing water and tetrahydrofur&In these conditions,

(#) and GF1sCH,CF,l (%) at 75 °C. The dotted straight line  both CU? and Cu(ll)% (X = CI, 1) species, required to
represents the theoretidaP,. (b) HCRCF.CHl at 75°C (@) and control the polymerization, were generated in situ by

135°C (a). The dotted straight line represents the theoreb) the dlsproportlon_atlo_n of the Cu(l) species In water. Indeed,
the low polymerization temperature for this process was

the result of the single electron transfer (SET) mechanism

widely used in the manufacture of industrially important of activation of the—CHCII dormant chains by electron

polymers. Barné$ patented a process where iodoform (gHI donor Ci).14195 The SET mechanism was also possible

was used as a CTACH = 0.75) to obtain poly(vinyl in the absence of transition metal, for instance with sodium

chioride) (PVC) of low molar mass. Low molar mass - yihionite NaS,0, or thiourea dioxide [(NH).C=SOy] as
polymers were targeted to improve the polymer solubility coavst " in the presence of iodoform as the initiator,

in solvents and to decrease the processing temperature duringnd sodium hydrogenocarbonate as a buffer% The

the fabrication of shaped articles (by molding or extrusion) o\, cRP process proceeded by a combination of competi-
or films (by solvent casting and extrusion) or for textile and tive SET and degenerative chain transfer. Authors used

paper coatings. lodoform was used at a concentration loweriyiq compination of SET and ITP to synthesize diiodo P¥C
than 1 wt % vs monomer to avoid delay of the polymeri- gcheme 12). Finally, the polymerization can be ac-
zation but higher than 0.2 wt % to give a satisfaclory cejerated by using electron transfer cocatalyst such as
reduction of the molar mass of the polymer. For instance, { 1-dialkyl-4,4-bipyridinium dihalides or alkyl violo-
emulsion polymerization of vinyl chloride initiated by génsl_gs,zoo '
ammonium persulfate at 65C in the presence of iodo- Fewer reports are available on the polymerization of
form gave a PVC latex in high yield (70%) with a lower \;invjigene chloride. Lacroix-Desmazes et?#202 studied
molar mass than that arising from a reference experiment,ihe’ radical copolymerization of vinylidene chloride and
which did not involve any iodoform. However, the iodocom- methyl acrylate (in 80/20 feed molar ratio) initiated by'2,2
pound was used as a traditional transfer agent without 55 qpisisobutyronitrile (AIBN) in the presence of 1-phenyl
mentioning the possible controlled nature of the polymeri- ethyl iodide as the CTA. A copolymer of molar mads =
zation. 8700 g mot! (Mn theoretica= 7100 g motl) and PDI= 2.06
Klinkenberg et al®* described the polymerization of vinyl  was obtained. The poly(vinylidene chloride-methyl acry-
chloride at low temperature (typically= —15°C) and used  late)—| copolymer was successfully used in block copolym-
secondary alkyl iodides (such as 2-iodopropane) to reduceerization of Sty to prepare an original poly(vinylidene
the molar mass of the polymer ordinary formed in this chlorideco-methyl acrylate)s-polystyrene block copolymer
temperature range. The polymerization was carried out in of M, = 26100 g mot? (My theoretica= 25900 g mot?) and
bulk in the presence of a redox initiating system (such as PDI = 1.77. These results evidenced the controlled character
triethyl borane/hydroperoxide). of the iodine transfer copolymerization of vinylidene chloride
Later on, Tatemoto et af3 patented a process to prepare and methyl acrylate.
segmented copolymers, thus illustrating the controlled nature .
of ITP. For instance, concerning chlorinated polymers, the 4.3. Nonhalogenated Monomers Used in ITP
preparation of a poly(VDEo-HFP)b-PVC block copolymer Only few nonhalogenated monomers have been success-
is claimed in dispersed media. The first block is a fluorinated fully polymerized by ITP, mainly styrenics, (meth)acrylates,
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Scheme 12. Synthesis a,w-Diiodinated PVC by Table 7. Use of Various Alkyl lodides for the Bulk
Combination of ITP and SET9 Polymerization of Sty ([Styl, = 1 M)!®
. CTA initiator M theo/
CHL + Ny — bHC N [CTAlo= [Inilo= temp time conversion found
a & 0.1M 0.03M (°C) (h) (%) (g/mol)  PDI
none AIBN 70 6 86 65500 3.7
CHI; + p/\. — >cCHL, - P I BPO 80 3.5 97 40500 2.1
& 1-PEI AIBN 70 16 94 6580/7810 1.5
. c AIBN 50 39 92 6500/7830 1.4
"/\/ AIBN 90 2 52 3670/5840 1.5
wc%. 1o IzHc</\(>"’ BPO 80 425 83  6570/7280 14
d b I iodomethane BPO 80 3 93  7380/34500 2.1
N diiodomethane BPO 80 55 91 7250/20140 2.0
¢ iodoform BPO 80 55 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
Izﬂc%\(): Jé. -mc%\(ﬁ isopropy! iodide BPO 80 3 86 6460/33730 2.0
a . a tert-butyl iodide BPO 80 4.8 57 4300/25540 2.0
P perfluorohexyl iodide BPO 80 45 94 7440/11200 1.5
c iodobenzene BPO 80 4 98 8260/29700 2.0
N 1,4-diiodobenzene BPO 80 4.25 77 6050/33620 2.0
. \l iodoacetonitrile BPO 80 45 83 6550/5800 1.4
IHC%\(X _c W\()’
& G a M & a Reprinted with permission from ref 13. Copyright 1995 American

Chemical Society.

), p/\gl IW\()[
M%\( e L7 Table 7 summarizes several data obtained from each
a o 1og p/\. Al

C1

transfer agent It is noted that phenyl-ethyl iodide, iodoform,

Rels, and iodoacetonitrile led to the narrowest polydispersities
and vinyl acetate (VAc). Each monomer and its derivatives fOf dependencies dfl, upon conversion close to the targeted
need t0 be studied independently since their reactivity is Molar mass. For the successful transfer agents, the R group
related to an appropriate transfer agent. The optimal condi-Was able to stabilize the formed radical by inductive or
tions (temperature, solvent, etc.) to reach a controlled procesd€Sonance effects. This stabilization results in a transfer
also vary with the nature of both the monomer and the cOmparable to the propagation for Sty, giving a suitable

transfer agent and are discussed below. control. On the other way, ipdqbenzene behaves as a poor
9 transfer agent related to Sty, indicating that the rate of transfer
4.3.1. Styrenics is lower than that of the propagation. However, by inserting

a methylene group between the phenyl ring and the iodine
In the iodine-mediated DT method, Sty and its derivatives atom (i.e., benzyl iodide), the control of the Sty polymeri-
are probably the most investigated monomers. Sty was firstzation was achieved. Kowalczuk-Bleja et*& carried out
successfully studied in bulk by Gaynor and co-work- the ITP of Sty with benzyl iodide at 83C and confirmed
ers1347.48203These authors carried out a conventional radical that this reaction proceeded in a controlled way (Figure 6).
polymerization initiated by AIBN or dibenzoyl peroxide Figure 6 shows that molar masses ranged between 1500
(BPO) alone at 70C and performed the same reaction in - and 4500 g/mol for PDI values up to 1.5. Indeed, the benzyl

the presence of a DT agent, namely, phenyl-ethylio#ide. jodide radical seems stabilized enough to undergo transfer
In the first case, polymers with high molar masses were

obtained £100000 g/mol) whereas low molar masses were 100 - v
observed when the transfer agent was used. However, in that " a) - -
latter case, the observed molar masses were higher than the 10 | .
expected ones. Authors attributed this behavior to an g 60 . .
insufficient rate of DT as compared to that of the propagation. g o .
Interestingly, they also found polydispersities of about 1.4. g % . . o Styrene

The same team optimized the conditions of the ITP o o =B
reaction, i.e., by varying the temperature, the initiator, and 0 , , : ‘
the transfer agent concentratidind.hey showed that a higher 0 ! 2 time (ar8) s 6 ?
temperature (80C) led to an accelerating rate of polymer-
ization for high conversions, arising from an increase of the 5000 7 b) R (2,
viscosity. Finally, increasing the amount of transfer agent 4000 ¢ F18
slowed the polymerization. Authors attributed this behavior - M [ L7

: . s . 2 3000 - eMn | 16

to the generation of,) acting as an inhibitor in ITP. § % y xpDI 15 B

After establishing the best conditions to perform the g e ) :iﬁ
polymerization (i.e., initial concentrations i = 0.03 M; 1000 x x 12
[RX]o = 0.1 M), various transfer agents were used to explore 0 . ‘ ' . . i }’1
their effect onto the control of the molar mass (Tablé?7). o 20 4 & 8 100 120
The chosen transfer agents were iodomethands, Rkyl sty conv (%)

lodides, phenyl iodides, and |0d0€_;1cet0n|tr!le. By gathering Figure 6. Polymerization of Sty in the presence of benzyl iodide
molar masses, PDIs, and conversions vs time, these authorggz|y17s at 83°C initiated by AIBN. (a) Sty conversion vs time.

discussed the role of the R substituent irR (where X (b) Molar masses vs Sty conversion. Adapted with permission from
represents an iodine atom). ref 176. Copyright 2004 Elsevier.
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comparable to propagation for Sty. To confirm this result,
Kowalczuk-Bleja et at’® used polystyrene, from ITP of Sty

with benzyl iodide, as a macromolecular transfer agent for

the polymerization of Sty. The GPC chromatogram clearly

David et al.

et al? claimed thatert-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

proved the chain extension and so the efficiency of benzyl all® These authors also investigated the same study for butyl

iodide for DT polymerization of Sty.

In 2001, Teodoreséliinvestigated the DT polymerization
of Sty by using vinyl iodoacetate (VAcl) as the transfer agent
to lead to a new macromonomer. In fact, VAcl was chosen
for two reason$? (i) Its chain transfer ability to Sty might
be similar to that of iodoacetic acid (which has a transfer
constantCr; of 0.8 at 68°C).2% (i) In the copolymerization
process, there is no incorporation of VAcl into the polysty-

rene backbone. The formation of the macromonomer was

evidenced by*H NMR and especially by the presence of
the vinylic proton. lodine atoms were then substituted by

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-

azido groups to allow the subsequent graft copolymerization merization by CRP has been so far considered highly dif-

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 emulsiéff and miniemulsio?f®
polymerizations. Lansalot et & performed the emulsion
polymerization of Sty in the presence ofRgl at 70 °C
and obtained an unusually low efficiency of 50% for this

ficult. It is especially due to high extent of transfer undergone
by a highly reactive propagating radiéat.Ueda first tried
the synthesis of poly(vinyl acetate) by DT polymerization
by using either iodofordt®?'4or iodoperfluorohexan&s217

As a matter of fact, ATRP of VAc was proved to be
efficient by Sawamoto et &l These authors used an
iodoalkyl transfer agent activated by employing dicarbon-
ylcyclopentadienyliron. This catalyst, already involved in

transfer agent. They assigned such a behavior to a sIowATRP with iodides’®414621%nduced the homolysis of the

diffusion of perfluorohexyl iodide from the monomer droplets

C—1bond for both initiator and dormant polymer chain ends.

to the active particles during polymerization. Thus, the same Indeed, Sawamoto’s studies involved both ATRP and ITP

system was carried out in miniemulsion procE4g€% and

since the dormant chains are iodine end capped.

100% efficiency was reached especially when Sty was added Finally, the DT of VAc with alkyl iodides and without
continuously. Moreover, a linear increase of the molar massany catalyst was reported by lovu et3alin 2003. Poly-

with monomer conversion was observed.

(vinyl acetate) with controlled molar mass and relatively

In addition, some styrenic derivatives were successfully narrow molar mass distributions was synthesized by using

involved in the DT polymerization. It is the case for
p-chloromethylstyreri&® polymerized at 80C with iodoform
as the transfer agent to give controlled polymer§igabout

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

15000 g/mol. The same group also synthesized controlledrequired for a good control of the molar mass and lower

polymers of methoxysilylmethylstyre?fé by also using

polydispersities. However, authors investigatedrdAtNMR

iodoform as a transfer agent in the same experimentalanalysis of the chain end that revealed unstable iodo end
conditions. Scheme 13 shows styrenic derivatives successgroups of poly(vinyl acetate). Indeed, during reaction, the

Scheme 13. Various Sty Derivatives Polymerized in
ITP 176,206,207

CI 1 CI \s\i \Si
ca 7 ome 7 ome

fully polymerized by |TPL76:206.207

4.3.2. (Meth)acrylates

Only a few companies patented the polymerization of
acrylate$® and methacrylaté®-2'1 by using an iodinated
transfer agent. Kakei et &% successfully polymerized butyl
acrylate by using iodoacetic acid at 6C, leading to
carboxy-terminated acrylate. The same auth8rdaimed
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 aMl, and M,/M,

iodo end groups decompose into an aldehyde end group
(Scheme 14a,b). The decomposition mechanism was previ-

ously demonstrated by our gradipand by others work-
erS_ZZl,ZZZ

Scheme 14. Hydrolysis (a) and Decomposition (b) of lodo
End Group for Poly(vinyl acetate)3:

a)

o CHp-CH—1T + s  wwCHp-CHO + HI + CH;COOH
2
0—C—CHs
o)

H,0

b)

weCHy-CH ™ I
0—C—CH;

p— WCH2—ﬁ—H +

1—C—CHy

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-

of 13000 and 1.74, respectively. These authors observed thabnate, and iodoacetonitrile), which are unstable due to the

the introduction rate of alkoxysilyl group was 91%. Dong

weak C-I bond, and thus prone to alteration upon storage.
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Furthermore, ITP of monomers involving tertiary propagating
radicals (such as methacrylates) was not succésbftause

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 unstgbl€o
overcome these limitations, Lacroix-Desmazes édlave

Chemical Reviews, 2006, Vol. 106, No. 9 3953

> 0) where A, M,n, and | stand for the primary radical
fragment from the initiator, the monomer unit, the average
number degree of polymerization, and the iodine attim,
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

proposed a new process based on a direct reaction of radicalswo different periods (Scheme 15). During the first period,

with molecular iodine 4. In this way, the reversible CTA is

primary free radicals Aarising from the initiator react

generated in situ in the reaction mixture (Scheme 15). By directly or indirectly (after few propagation steps) with iodine

Scheme 15. Simplified Mechanism of RITP

N —~_Iz_ A—1 + A—M,.',Q _— A + A=Mprl
an M M
. I O kex Qkp
A-Mpy ——— |A=MyI| + A-Mp A-Mp% + A-Myrl

al

in situ formation
of the transfer agents
A-Mp-I (n20)
"inhibition period"
a A, radical from the initiator; 4, molecular iodine; M, monomer unit;
n, mean number degree of polymerizatitig, degenerative chain transfer
rate constant; ank, propagation rate constant.

"polymerization period"

analogy with the reverse ATRP process where the alkyl
halide initiator (e.g., RCl) was in situ synthesized by
reaction of radicals with the complex in the oxidized state
(e.g., CuCllligand)}#? this new process was called RITP.
The reactivity of iodine is complex. lodine has been
reported in different kinds of reactions. For instance, iodine
can react onto double boné;??> initiate some ionic
polymerizationg?6 and form accepterdonor complexed?’
Molecular iodine } has already been reported as a strong
inhibitor in free radical polymerization. For instance, Bartlett
et al??® 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

I, to form A—M,—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 > 10° L mol™t st at 25 °C),%32"2% 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 transfemhe
theoretical average number degree of polymerization,\DP
is given by eq 19 wherd[monomer], [k]o, and A[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, respectivelyA[AIBN] can be assessed by
kinetic analyses and is usually negligible as compared to the
2 x [I;)o term. Therefore, the theoretical molar mass of the
polymers prepared by RITP can be calculated by eq 20 where
Ma— stands for the molar mass ofA 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.

stopped two chains per molecule. A possible interpretation DP, = A[monomer]/

of the kinetics was proposed based on the formationyof |
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 a4?° also established that iodine strongly
inhibits the free radical polymerization of Sty. In addition,
Ghosh et af*° studied the thermal polymerization of MMA
initiated by AIBN in the presence of iodine, and by plotting
the reciprocal degree of polymerization 1/B/R molar ratio
[12J/[monomer] in a set of experiments, they concluded that
iodine (or some adducts it could give with the monomer)
acts as a CTAQ; = 6, unfortunately expressed in terms of
transfer constant of iodine); however, the evolution of

(2 x [1,]o+ A[AIBN]) = A[monomer]/(2x [I,]o) (19)

ntheoretica— (Mass of monomery conversion/

[2 x (moles of )] + M,_, (20)

Several patents based on the RITP process have been
recently deposited by Solv&y 23" and Akzo3® Sekisui
Chemicat®® 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

monomer conversion with time was not investigated and the for a wide range of monomers such as vinylidene chloride,

authors did not mention any inhibition period. On the
contrary, Lissi et at*! also studied the thermal polymeri-
zation of MMA initiated by AIBN and emphasized that

acrylates, methacrylatesfluoro acrylates, and Sty7202
Furthermore, RITP of acrylates was successfully performed
in a large variety of media (in bulk, tolueney,o,o-

iodine was not consumed in a chain reaction but behaved adrifluorotoluene, anisole, methyl ethyl ketone, butyl acetate,
an efficient inhibitor even at extremely low concentration. propylene carbonate, propionitrile, and dimethylformamide).
However, after the inhibition period, no molar mass data of All of the considered solvents gave a reasonable control of
the polymers were reported. There are no discrepancies andthe final molar mass, indicating that RITP is a rather flexible

or contradictions between the conclusions of these studiesand robust process. Furthermore, first results on RITP of
if the whole RITP process is considered. Indeed, RITP takesn-butyl acrylate in aqueous emulsion showed that the molar
advantage of the powerful inhibitor ability of iodine to mass of the polymer can be tuned, indicating that the RITP
generate in situ the iodinated reversible CTAsM,—I (n process should be applicable to heterogeneous processes,
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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 177

1
Mn,largeted [AlBN]/ h ac g mol~
run (9 mOI—l) [I 2] tIoss of coloration tinh,theo'.J tpol (%) Mn,theod 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 191
3 21100 1.7 30 27 45 98 20700 21800 1.98

aReprinted with permission from ref 177. Copyright 2005 American Chemical So&i@glculated bytinniiionheo. = —LN{1 — [I]o/(f x
[initiator]o)} /kq with kg = 1.90 x 10°° s andf = 0.7.¢ Determined by*H NMR in CDClz: fractional conversion= 1 — 14/l where the integral
I1 refers to the resonances at 6.4 ppm)H6.1 ppm (K), and 5.8 ppm (k) (3H, HAHcC=CHg—, Jyans= 17.3 Hz,Jsis = 10.3 Hz, andgem = 1.4
Hz) and the integral, refers to the resonances at3&8 ppm (3H,—OCH;, singlet+ broad peak)? Calculated byM, theoretica= (Mass of monomer)
x conversion/[2x (moles of b)] + Ma—; whereMa—; = Mcnainenass= 195 g mot L. ¢ Determined by SEC with polystyrene standards and calculated

with Mark—Houwink coefficients of polystyrenek(= 11.4 x 107°dL g4,

0.660).

o = 0.716) and poly(methyl acrylateK(= 19.5x 10°dL g%, o =

which are of major industrial importané#.>*°For industrial
developments, a long inhibition period may be crippling.

Finally, a poly(methyl acrylatelp-polystyrene block co-
polymer Mnexp = 13300 g mot? andM,/M, = 1.73) was

Therefore, attempts were made to fasten the RITP procesgprepared by sequential RITP polymerization of methyl

by increasing the temperatuf€.The results obtained with
n-butyl acrylate showed that the inhibition period can be
shortened efficiently (about 30 min at 96 instead of more
than 15 h at 68C for an initial [AIBN]o/[I 2]o 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 anah-butyl acrylate, respectively.

Table 9. Polymerization of n-Butyl Acrylate by RITP at Various
Temperatures, 80% w/v vs Butyl Acetate as Solvent ([BuA] =
3.30 M) in the Presence of AIBN as Initiator with [AIBN]/[I 2] =
1'9177a

h g mol?
run T(°C) tiossofcoloration ool @ (%)°  Mnme§ Mpexs 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? Determined byH NMR. ¢ Calculated by, eoretical
= (mass of monomerx conversion/[2x (moles of b)] + Ma— where
Ma—1 = Mchainenas= 195 g mol L. @ Determined by SEC with polystyrene
standards and calculated with Markouwink coefficients of poly-
styrene K =11.4x 10°5dL g%, o = 0.716) and polyg-butyl acrylate)
(K=12.2x 10°5dL g%, o = 0.700).

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

25000 L2
O
200004 O m| 145
= 15000 NN =
H T 11 B
& 10000 | w7 s
E‘
5000 105
0 : : : : 0
0 20 40 60 80 100

Monomer conversion (%)

Figure 7. Polymerization of MMA by RITP aflT = 80 °C in
toluene My targeted= 20 200 g mot?). Evolution of molar masses
M, (@) and PDIM,/M, (O) vs monomer conversiott! Experi-
mental values determined by SEC analysis (PMMA calibration).
Theoretical line (full bold line) calculated BWn theoretica— [MMA] o

x MMMA 5 conversion/(2x [I2]o) + MA™!, whereMMMA = 100 g
mol~! and MA~! = Mchain-ends — 195 g motl. Adapted with
permission from ref 241. Copyright 2006 American Chemical
Society.

acrylate followed by addition of Sty 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-
methyl acrylate)s-polystyrene block copolymerM,
20000 g/moll, = 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 Cr; andCey, attributed to the transfer of the CTA and
the DT, respectively. Several mathematical methods, e.g.,
Mdller'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. PercEe 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
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original monomers, which would require specific iodinated radical polymerization with (perfluoro)iodocompounds as the
transfer agents in an ITP process. transfer agents.

5. Applications of lodinated Compounds 5.1. Synthesis of Fluorinated Oligomers from

. . . lodinated Compounds

Fluorinated compounds have unique properties, such as
surface activity and weak interactié#?2*?243which makes The chemical modification of perfluoroiodocompounds has
them suitable for a wide range of high-tech applications. led to many investigations from academic and industries and
These compounds are precursors of various functionalhave already led to various industrial applications for
intermediates bearing a perfluoroalkyl group, such as flu- surfactants, coatings, textile finishing, surface modifiers,
orinated acrylates, surfactants, etc. Indeed, on an industrialoptical fibers, etc. Nonexhaustive examples are supplied
scale, the synthesis of perfluoroalkanes is possible by two below.
processes. These processes used in the manufacturing of ) .
fluorinated surfactants are based either on electrochemical®.1.1. Synthesis of New Functional Precursors

fluorination (ECF) or on telomerizatioi§:>3244n the former The chemical modification of iodocompounds has been
process (Scheme 16), the substance to be fluorinated iSyidely studied by many authors. Ameri and Boutevif?
Scheme 16. Reaction of ECF have summarized the whole synthesis of_functional precur-
r sors from perfluoroiodocompounds. For instance, the syn-
Cilzn1SO2F + QutDF ——— CyFuiSOoF + (2t 1) H + (4n2) thesis of the Zonyl type products is based on these reactions.
) ] . . ] Such compounds then undergo modifications, leading to
dissolved in hydrofluoric acid (HF) and an electrical current several industrial products: Forafac marketed by Atofina in
is passed through the media. This process, also called thghe 1980s and then sold to Dup#fiin 2000 under the Zonyl
Simons’ process”, pioneered in 1957, enables the synthesisiradename, Surflon from Asahi Glass, and surfactants from
of different perfluorinated carboxylic acids, perfluoroalkane- 3\ 250 Rhodia2® or Ciba251252 Another application from
sulfonyl fluorides, and the derivatives of such products.  these products is based on their surface properties. These
The second process is the telomerization of TFE. Such acompounds provide lower surface energy; higher resistance

process is used in the industrial synthesis of perfluoroalky- to chemicals, moisture, oil, and grease; and allow a good
liodides and otv-perfluoro alcohol or perfluoroacid (Scheme  adhesion to other low-energy surfaces.

17). The first step concerns the synthesis of the telogen,

_ _ _ 5.1.2. Synthesis of New Fluorinated Monomers
Scheme 17. Industrial Synthesis of Fluorotelomer Using the

Telomerization of TFE with Pentafluoroethyliodide One of the most interesting intermediates (obtained from
_ F(CF,CF)I perfluoroiodocompounds) is fluorinated alcohol, used for the
L, IFs (SbF;) + CF,=CF, ——>» C .
pentafluoroethyl synthesis of several monomers such as fluorinated acrylates
iodide (Scheme 18). They are prepared by esterification of (meth)-
telomerization acrylic acids or from (meth)acryloyl chloride with fluorinated
nCF,=CF, alcohols?325Fluorinated acrylates may be used in several
industrial applicatior®® reported below.
F(CF,CFy)yu Aqueous Fire Fighting Foams and Surfactant8244

Many investigations were pioneered by Pittriff&r>® on
perfluoroethyliodide, by reacting TFE onto-{F] generated aqueous fire-fighting foams (AFFFs). AFFFs were developed
in situ from |, and IF. Telomerization of TFE results in a  in the 1960s as important tools for fire extinguishers for
mixture of telomers containing an even carbon number of flammable liquid fuels, such as petroleum, kerosene, etc.
the general structure: F(@EF)n+1—1. Commercial AFFF formulations are composed of a mixture

To our knowledge, the only industrial applications of of different fluorinated surfactants in water solution. This
iodocompounds consist of the synthesis of fluorinated kind of surfactant is obtained by copolymerization of
molecules or polymers, bearing a functional end group. For fluorinated acrylates or by chemical modification of perflu-
instance, Dupont de Nemo#éts(which bought the Atofina  oroiodocompounds. For example, it is possible to mention
activities in that field), Clariant, Asahi Glass, or Daikin industrial products, such as ZONYL by DuPont de Nemours.
synthesized new organic molecules (Scheme 18) as well asThe Daikin Compars?® copolymerized fluorinated acrylates
fluoropolymers with remarkable properties, such as PPOEE with acrylic acid and Me(OCKCH,)s0,CCMe=CH,. Our
or surfactantdl? 114,244,248 group also telomerized fluorinated acrylates with iodo-

(Perfluoro)iodocompounds lead to industrial products, terminated polyacrylamide, previously synthesized by te-
following two distinct routes: (i) by direct chemical modi- lomerization reaction of acrylamide in the presence of
fication of (perfluoro)iodocompounds or (ii) by (controlled) CgF17CoH4l. This block copolymer has been marketed by

Scheme 18. Synthesis of Organic Molecules from F(GEF;)n1l33:245:301-304
F(CF,CFp)pil
l CH,=CH,

[ Ni(CO),
FCFCFo)y—COH  <——— F(CFyCFa)y CHyCHyl  ——— >

DMF/H:P/ \HZN)ZC S/HBr

F(CF,CF3),+CH,CH,OH F(CF2CF2)n+1CH,CH,SH

F(CF,CFy)y: ) CH=CH,
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Atofina under the Forafac tradenafffén the late 1980s and This is the reason why fluorinated derivatives are also

was then sold to Dupont in early 2000. employed to limit the corrosion of anodes in battefigs?’>
These fluorinated surfactants enable the formation of an Vignaud’? suggested the use of poly(ethylene oxide) co-

aqueous film that is distributed over the whole surface of polymer, bearing a perfluorinated chain end [i.eF{gCoHa-

the hydrocarbon compound. Hence, these block copolymers(OCH.CH;).OH], to limit the corrosion in the batteries.

lead to a surface tension of 28 mNhin aqueous solution ~ However, delamination occurs over time and chemical links

(0.1% wiw). of the polymers with the metal are required. Pahnke et

In addition, recent investigations have been carried out &l°7**"" realized a new chemical grafting of fluorinated
on the syntheses of original amphiphilic telomers based on Polymers onto aluminum. First benzophenone, bearing a
TFP112-114 Flyorinated surfactants are also involved in Phosphonic acid group, was fixed onto the metal. Then,
(mini)emulsion copolymerizatift of fluorinated monomers |rrad|_at|on of benzoph_enone followed by a radical transfer
with hydrophilic monomers, such as acrylic acid. However, réaction onto a fluorinated acrylate monomer allowed a
the most known and efficient PFOA (perfluorooctanoic acid) chemical grafting onto the surface (Scheme 19). Noteworthy,
and also APFO (ammonium perfluorooctanoate) surfactants . : .
are toxic persis(tent and biopaccumulated and Lave pushe Cheng-? 19. Symrﬁs's-m BegzofphenonedPhhos%homﬁ Acid, ts

P . b R ) mmobilization on Aluminum Surfaces, and the Attachment
most chemical industries producing fluoropolymers to think o pojymerg76.277

of new alternatives via the Stewardship Program. Its goal o

consists of reducing of 95% the production of PFOA by 2010

and to stop it by 2015. Although the 3M company has I
withdrawn Scotchguard because of the toxic perfluorooc- HO/PWO

tanoic anion, many hazardous issues have been thought on

perfluorooctyl sulfonate. However, Wasburn ef@lhave l““’fa”%% a
shown that exposure to perfluorooctanoate from consumer o

goods, such as treated textiles, carpets, and clothing, is not O,{l\/\/\/\/\ O ‘
expected to cause health effects or quantifiable levels of the %:o/ ©

chemical in the blood. In addition, the same grédjpoked

l 1. Deposition of polymer
at the concentrations of perfluorocarbons, including PFOA-

2. UV.illumination
Polymer chain
HO,

derived materials, that have accumulated in sludge in the

San Franscisco Bay area. The results have shown that in 0
domestic sludge, the concentration of PFCs ranged from 5 AN N

to 150 ng/g for all perfluorocarboxylates and between 55 %:0

and 3370 ng/g for perfluoroalkanesulfonyl-based chemicals.

Textiles. Applications of fluorinated acrylic ester polymers — applications such as self-cleaning require highly hydrophobic
to impart oil and water repellency to textil&¥,268such as ~ surfaces, i.e., a contact angle of about 160
soft furnishings and carpets, are nowadays in wide com- Optics. Fluorinated acrylates monomers have been used
mercial use (Scotchgard produced by 3M but was withdrawn in the synthesis of polymeric optical fibers (PCF.%t
from the market a few years ago, Teflon replaced by the Hence, unlike PMMA, fluorinated polyacrylates exhibit a
Zonyl by Dupont de Nemours, Foraperle by Atochem, very low refractive index, a good thermal resistance, and a
Asahiguard by Asahi Glass, Unidyne by Daikin, etc.). For low adsorption in a wide wavelength range (from 600 to
instance, Scotchguard is a block copolymer containing 900 nm)?822%3 Present uses of POF are mainly lightings,
hydrophobic segments, such as sulfonamido-fluoroacrylic, optical sensors, short length data links, etc.
and hydrophilic blocks, such as oligoethylene oxide. CO; Technology.Poly(fluoroalkyl(meth)acrylates) belong

Electronics. Fluorinated polymers are used in lithography t0 the limited class of polymers that are highly soluble in
for electronic applications. Indeed, these fluorinated com- liquid and supercritical carbon dioxide even at a high
pounds allow a decrease of the surface energy but also bringholecular weight** Because scC{appears as an attractive
antiadhesive properties to the surface. For instance, Pawloskpltérnative to organic solvents for various processes in
et al?®® coated 1H,1H,2H,2H-perfluorooctyl-triethoxysilane Material science, Ciphilic polymers prepared with fluo-
onto the surface to obtain antiadhesive coatings. Interestingly,’0alkyl (meth)acrylates might be of great importance for
such coatings showed a better precision of the lithography. further developments in this area.

Surface Modifiers. Fluorinated compounds are used to L .
modify the surface properties of various substrates (metals,5'2' Gen.eral Applications of Polymers Obtained
stone, leather, glass, etc.) by making them hydrophbic. [Tom lodinated Precursors
The surface modifiers are made of a fluorinated chain but  As mentioned in section 3.2,-R have been often used
also of a nonfluorinated one that enables the direct physicalin telomerization of fluoroalkenes and also extended to the
interaction with the metal surface. Hence, Bongiovanni et CRPs (section 4). Indeed, in that latter topic, one of the best
al2"°proposed the synthesis of telechelic oligomers with the examples is the use of ITP to obtain fluorinated TPEs. These

following structure: RA-Rf—Rh, with Rh= —CH,0—-CO— TPEs are composed of two (AB) or triblocks (A—B—A)
NH—CH,—CH,—~0—-CO-C(CH;)=CH, and Rf= —CFR,0— copolymers. These AB—A fluorocopolymers are phase
(CR—CR0),(CR—-0);—CFk—, andp = q. segregated including an amorphous zone and crystalline

These authors used these oligomers as a surface modifiedomains, and they combine various advantages inducing a
after the photopolymerization of a hydrogenated resin. They wide range of service temperature. These TPEs are synthe-
showed a modification of the surface by adding these sized in a two-step procedure: a novel telechelic polymer
oligomers with 0.1% (w/w). This oligomer actually increased (usually an elastomericHsoft—I block) is produced from
the hydrophobicity (as evidenced by a contact angle of 105 the first step by ITP with a telechelic transfer agenrtR—
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Table 10. Main Commercially Available Fluoroelastomers (DuPont P.

Chemical Reviews, 2006, Vol. 106, No. 9 3957

E. stands for DuPont Performance Elastomers)

monomers HFP PMVE CTFE P
VDF Daiel 801 (Daikin) Kel F (Dyneon)
Fluorel (3M/Dyneon) SKF-32 (Russian)
Kynar (Arkema) Voltalef (Arkema)
Tecnoflon (Solvay Solexis)
SKF-26 (Russian)
Viton A (DuPont P. E.)
TFE Kalrez (DuPont P. E.) Aflas (Asahi Glass)
Viton Extreme (DuPont P. E.)
VDF + TFE Daiel 901 (Daikin) Viton GLT (DuPont P. E.)
Fluorel (Dyneon)
Tecnoflon (Solvay Sol.)
Viton B (DuPont P. E.)
VDF + TFE Tecnoflon (Solvay Sol.)
+ ethylene

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

monomers in soft/hard °C
soft block soft block (wt %) hard block ratio (wt %) Ty Tm refs

I[(VDF)HFP] NG PVDF NG NG 160 290

NG poly(E-alt-TFE) NG NG 220 290
I[(CTFE)(VDF),J 45/55 poly(E€o-TFE) 85/15 -6 247 296

45/55 poly(Eeo-TFE) 90/10 -8 252 296
I[(VDF)(FVA),] NG PVDF NG NG NG 188
I[(TFE),P}! 55/45 poly(E€o-TFE) 80/20 -1 267 294
I[(VDF)xHFP(TFE)] A 56/19/25 PVDF 80/20 —12t0—15 165 141, 295

35/40/25 poly(Ealt-TFE) NG -8 222 290

50/30/20 poly(Eco-HFP-co-TFE) 85/15 NG NG 297

54/21/25 poly(Ealt-TFE) 80/20 —13 266 295
I[(VDF)xPMVE(TFE)] " 62/19/19 PVDF 80/20 -30 160 187, 295

73/17/10 poly(Eeo-TFE) 72128 —-33 254 294

NG poly(E<o-TFE) NG —13to—15 266 141, 295

57/23/20 poly(Eeco-TFE-co-PMVE) 75125 NG 180 187
I[(TFE)P(VDF)] NG poly(E-co-TFE) 85/15 -13 262 294
I(TFE)E(PMVE)].I 45/19/36 poly(Eeo-TFE) 71/29 —16 245 294

aperfluoro vinylacetic acid, FVAP Additional tetrapolymerization with less than 1 mol % 0{G+CH—CsF1,—CH=CH,. ¢ Additional

tetrapolymerization with less than 1 mol % 0fE=CH—CsF1,— CH=CH,/H,C=CHGCsF1,C,H4l/IC,H4CsF12,CoH4l mixture.

I) and can be further successfully utilized as an original an HFP content higher than 15 mol % exhibits elastomeric
transfer agent in a second polymerization reaction (such asproperties32%

ATRP or ITP reactions), as follows:
I—Re—I +nM; + nM, —
I=[(MD(M2)y],~Re—[(M (M), ]~ I(I —soft=1)
I=soft=I + pM; + gM,; — 1=[(M3),(M)o],,—
SOft=[(M 3),(M,)glw—I(I —hard-soft—hard-1)

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

Table 10 lists the various commercially available elas-
tomers based on VDF, HFP, TFE, CTFE, PMVE, and P
comonomers. For example, Tatent8%6°’ proposed the
synthesis of a soft segment by using the mixture of VDF/
HFP/TFE and +(CF,),—1 in the presence of bis(trichlorop-
erfluorohexanoyl) peroxide in 1,2,2-trifluorotricholorethane.
The obtained soft I(HFR)VDF),(TFE)/ diiodide (molar
composition 30:50:20) exhibited a nhumber average molar
mass of 3300 g mol with a PDI of 1.272%” The hard
segment can be composed of PVDF or Poly(tetrafluoroeth-
ylene) (PTFE), or a combination of VDF (in high amount)

This process can be performed in emulsion, suspensionWith HFP or CTFE, or copolymers of TFE with E, PMVE,

microemulsior?® or solution polymerization. Various com-

VDF (Table 10), or a poly(E-ter-TFE-ter-HFP) terpolymer.

panies have already shown much interest in this research Ihe different compositions of the hard segment are given in

Indeed, Daikin’s pioneering works from 197928629 were
confirmed at the Dupont Compat¥§ (now Dupont Perfor-
mance Elastomers) and at Ausimtits”2%(now Solvay-

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,

Solexis), leading to commercially available Daiel, Viton, and or better mechanical properties. For example, the addition
Tecnoflon XPL, respectively. A summary of these researchesof E as a comonomer in the mixture allows one to reduce
and products is given in Table 10. A combination of the cost, but also the base sensitivity of VDF-containing
comonomers by pair, trio, or quartet enabled the authors tocopolymers?>*2% and/or the livingness of the polymeriza-
obtain both soft and hard segments (Table'44f7188.200.29997 tion.2% The properties of these TPEs are influenced by the
The proportion of these comonomers gives the propertiesmolar mass of the segments. The central elastomeric seg-
(soft or hard segment). As an example, it is reminded that a ments are obtained by ITP process. Usually, the molar mass
poly(VDF-co-HFP) copolymers containing less than 15 mol of the elastomeric segment is about 30000 g thalhereas

% HFP is a thermoplastic (inducing hard block), while having the hard blocks are higher than 10000 g mhahlthough Yagi
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et al. have already claimed molar masses of TPE up tomers as follows: (poly(Et-TFE)-b-poly(VDF-co-HFP)b-

1000000 g molt. The TPEs are endowed with a negative poly(E-alt-TFE) < poly(E-alt-CTFE)--poly(VDF-co-HFP)-

glass transition temperaturgy(< 0 °C) and a high melting  b-poly(E-alt-CTFE) < poly(VDF)-b-poly(VDF-co-HFP)-b-

temperatureTy,), ranging from 160 to 267C. The schematic  poly(VDF).

structural morphology of TPEs sketched by Figure 8  Thus, the fluorinated TPEs present a better stability than
the conventional elastomers, such as the SBS triblock. They

%\N: = can be used from-30 to 250°C (in continuous processing
D at 200°C) and exhibit also other interesting properties such
Physical as a high specific volume, a low refractive index, and good
Crosslinking surface properties. These characteristics can easily be used
== in high-tech areas (Table 13) such as aeronautics and
z— aerospace (tubing, hos#s,rubber stoppers, O-rings and
seals?*’ etc.), because they provide excellent resistance
Hard Soft Hard against aggressive chemical, fuels, oils, and ozone.
Another application of these triblock copolymers, obtained
A B A by ITP polymerization, concerns the compatibilizers for

Figure 8. Schematic structural morphology of TPEs, such as Dai- polymer_s. Table 13 gives a summary of the fields of
el, Tecnoflon XPL, or Viton GLT from Daikin, Ausimont (now  applications from TPEs, and Figure 9 shows several ex-
Solexis), and Dupont Performance Elastomers, respectively. amples of products obtained by ITP using Ransfer agents.

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 addingd+=CHGCsF,,CH=CH, 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).

Table 12. Properties of TPEs Copolymers Prepared with or
without Bis-olefin (CH ,=CH _CeFlz_CH=CH2)141'295

copolymer copolymer
(VDF/HFP/TFE: (VDF/PMVE/TFE:
polymer 55.9/18.2/25.9)  62.1/19.1/18.8)

characteristics without with without with
Ty (°C) -15.1 —-13.9 —29.3 —30.6
T{n (°C) t break (MP&) 1631-% 4 160-; o 161-530 160-321 Figure 9. Several examples of items obtained by ITP, usiptsR
stress at brea a . . . . as transfer agents (courtesy of Daikin).
elongation at break (%) 452 460 384 520 gents ( Y )
compression set 60 73 49 98 .
(120°C for 24 h) 5.3. Conclusion

This subsection reports the wide range of applications
Furthermore, the introduction of PMVE in the soft segment found by the organic and macromolecular iodinated com-
did not significantly lower thély but increased th&,, by a pounds. Interestingly, the molar masses, the functional end
few degreed#2°42%5Tatemotd®*2°” compared the thermal  groups, the number, and the nature (elastomeric and ther-
decomposition of three TPEs and showed an improved moplastic) of the blocks target the expected properties and
thermal stability when using exclusively the fluorine mono- hence the applications.

Table 13. Fields of Applications and Items from TPEs

weather and

chemical mechanical
field of industry molding resistance  transparency elasticity safety vulcanizabilitproperties applications

biomedical X X X X X tubing, rubber stoppers,
medical materials

physical and X X X X X tubing, seals, pipets

chemical equipment

semiconductor X X X X X X tubing and seals

chemical X X anticorrosion paints,
diaphrams, hoses, linings

food X X X X X X hoses, sealing materials

electronics X X X X wiring, sealing material

civil engineering X X X sealing materials, films,
nonflammable materials

textile X X coatings, filaments, fibers,
water-repellant treatments

optics X lenses

others X X X adhesives (hot melt)
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Organic derivatives have been involved as surfactants, assegments and, hence, to reach suitaljjeind T, values.
useful aqueous fire-fighting agents, lubricants, precursors of Various strategies applied by Daikin, Dupont Performance
novel acrylates for surface modifiers used in coatings, textile, Elastomers, and Solvay-Solexis have led to commercially
or leather finishing, or optical fibers (both cores and clad- available block copolymers, regarded as the first ones
dings). Block copolymers have already shown potential. How- produced in an industrial scale. However, lowering tfgir
ever, there is an urgent need to replace toxic, bioaccumulableyalues is still a challenge, which is inherent to Theof the
and persistent PFOAs by challenging original and efficient elastomeric block always higher thar83 °C (although the
surfactants for radical (mini)emulsion (co)polymerization of 3M Company recently produced an original statistic cross-
fluorinated alkenes. Such a topic has pushed many academiginkable terpolymer endowed with &, of —40 °C309),
and industrial laboratories to be presently active in that field. Nevertheless, many applications of these TPEs have been
In the same context, although g7 end group is hazardous  found in civil and engineering materials such as hot melts,
but brings an exceptionally low surface energy, it is also gaskets, O-rings, diaphragms of pumps, pressure sensitive
necessary to find novel alternatives withFgend groups  adhesives, medical contact lenses, electronic chemical items,
for almost similar performances, as 3M has led the way. coatings for food industries, and other devices involved in
Another application concerns the TPEs based on the sequenpigh.-tech industries. Hence, still many investigations deserve
tial CRP of a wide range of fluoroalkenes for which a suitable o he confirmed in that fascinating area, which should attract

combination brings soft and hard sequences.

6. Conclusion

lodocompounds, especially perfluoroalkyl ones, have been
used for a long time in radical telomerization and poly- AIBN
merization to bringw-perfluorinated end groups to the ATRP
resulting polymers for specific properties. Althoughl®R BPO
have been mainly used for preparing telomers, these Iastcfi;P
years have witnessed the use of iodocompounds in CRP,
These halogenated and especially perfluorinated telomers ar%TTlA
valuable precursors of a wide range of fluorinated intermedi- cTFg
ates (alcohols, mercaptans, amines, allyl or vinyl derivatives, pp,
carboxylic acids, acrylates), which have already led to various DT
applications: surfactants or monomers for textile, leather, DTBP
metals, or stone protection. E

In the late 1970s, the Daikin Company pioneered the use E\C/:X
of these RIs or IR:ls as CTAs in the CRP of fluorinated HEP
monomers, which further led to valuable applications. The IR
transfer constants are often lower than those of noniodinatedp
CTAs (CTAs involved in RAFT), which lead to higher PDIs. m
However, as compared to RAFT agent or xanthate deriva- MADIX
tives, whose syntheses are often complex, iodinated CTASMMA
are nowadays particularly interesting in the development of Mx
the CRP and certainly less expensive. This becomes par-Mw
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. lodinated CTAs indeed can be pyva
involved in universal polymer syntheses since it allows the ppmvE
control of various monomers such as styrenics, (meth)- por
acrylates, VAc, and even halogenated monomers. ThesePTFE
parameters explain the use of iodocompounds in an industrialPVC
scale. It can be expected that their use will increase in the PVDF
next decades. R

In addition, the fluorinated iodocompounds are precursors RAFT
of various materials endowed with remarkable properties for Re
various applications. The fluorinated telomers lead to a wide g
range of intermediates bearing anperfluorinated group. RITP
Such an end group brings specific properties (hydro- and SEC
oleophoby, surface modifiers, and soil repellency) that enable SET
the resulting materials to be involved in various applications Sty
(coatings for textile, electronics, optics, AFFFs, surface TFE
modifiers, etc.). p:P

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

NMR

the interest of many academic and industrial researchers.

7. List of Symbols and Abbreviations

a,a'-Azobisisobutyronitrile

Atom transfer radical polymerization
Dibenzoyl peroxide

Exchange constant

Controlled radical polymerization
Transfer constant

Chain transfer agent
Chlorotrifluoroethylene

Number average degree of polymerization
Degenerative transfer

Di-tert-butyl peroxide

Ethylene

Electrochemical fluorination

Perfluoro vinylacetic acid
Hexafluoropropylene
o,w-Diiodoperfluoroalkane

lodine transfer polymerization
Monomer
Macromolecular design trough interchange of xanthates
Methyl methacrylate

Number average molecular weight
Weight average molecular weight
Nitroxide-mediated polymerization
Nuclear magnetic resonance
Propylene

Polydispersity index

Poly(methyl methacrylate)
Perfluoromethyl vinyl ether

Polymeric optical fibers
Poly(tetrafluoroethylene)

Poly(viny! chloride)

Poly(vinylidene fluoride)

Alkyl group

Reversible additionfragmentation chain transfer

polymerization

Perfluorinated group

Perfluoroalkyl iodide

Reverse iodine transfer polymerization
Size exclusion chromatography
Single electron transfer

Styrene

Tetrafluoroethylene
3,3,3-Trifluoropropene

Glass transition temperature
Thermoplastic elastomers
Trifluoroethylene

Vinyl acetate

Vinylidene fluoride (or 1,1-difluoroethylene)
Heating
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