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ABSTRACT

Controlled radical polymerization (CRP) technigoéfer the opportunity to properly design polymeaits and
adjust their chemical and physical properties. Agtirese techniques, cobalt-mediated radical polizaigon
(CMRP) distinguished itself by the high level ointim! imparted to the polymerization of acrylic avidyl ester
monomers, even for high molar masses. This aigtemarizes for the first time the advances in wtdading
and synthetic scope of CMRP since its discoverytably, the cobalt-carbon bond formation by dual
contribution of reversible termination and degetieeachain transfer is discussed, as well as thgaohof
additives able to coordinate the metal. The patboficomputational chemistry in the field of CMRP a
rationalization and predicting tool is also presenfThese mechanistic considerations and achiewsrimen
macromolecular engineering will be discussed alwitly challenges and future prospects in order sessthe
CMRP system as a whole.

Keywords: Controlled radical polymerization; Cobalt-mediatadical polymerization; Copolymers;
Macromolecular engineering
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1. INTRODUCTION

Polymers are essential in modern life. In orden&et the increasing demand for polymers with sjgecif
functionalities and applications, a range of sytithmethods has been developed. In this respectiaited
radical polymerization (CRP) offers the opporturidy macromolecular engineering under mild experitak
conditions. CRP has developed uninterruptedly ifidesits discovery in the mid-nineties [2]. Threethods
rapidly established themselves initially: nitroxideediated radical polymerization (NMP) [3-6], attransfer
radical polymerization (ATRP) [7-10], and radicddition-fragmentation chain transfer (RAFT) [11}14
Subsequently, most efforts were devoted to thedrgment of these systems and to their exploitation
macromolecular engineering. The choice of technigueainly based on the adaptability of the cofitrgl
agents to an as wide as possible range of monomikich is crucial for the design of complex polymer
architectures.

In the early nineties, at the very beginning of @RRP saga, the first controlled radical polymerim@a using
cobalt complexes as controlling species were regdsy Wayland et al. [15] and Harwood and co-wasK&6].
Despite the very high level of control of the a@ryhonomers provided by this so-called cobalt-miediaadical
polymerization (CMRP) system, the methodology lomgained anecdotic because it appeared to bectestri
to acrylic monomers. Ten years later, the firstneple of CMRP of a non-acrylic monomer was repotigd
Jérbme et al.: bis(acetylacetonato)cobalt(ll) pcoligh efficiency in controlling the radical polynmation of
vinyl acetate (VAc) [17]. This breakthrough wasthi more significant since VAc had long been dlehge
for CRP because of the high reactivity of the pgatieng radical, resulting from the lack of stabiig groups.
For example, NMP is not suited for this monomerdose the covalent bond between the nitroxide amd th
polymer chains is not sufficiently labile whateviee structure of the controlling agent [18]. ATRRe
presence of iron catalysts [19] and degeneratiaéndnansfer polymerization based on alkyl iodifi#y offered
poor and moderate control for VAc, respectivelyday, effective control of the VAc polymerizationncalso be
achieved by reversible addition-fragmentation chiensfer (RAFT) using dithiocarbamates [21],
macromolecular design via interchange of xanth@BsDIX) [21-30], organotellurium- and organostibine
mediated living radical polymerizations (TERP [3tid SBRP [32]).

The propensity of the cobalt-mediated radical p@gimation to deal with such a challenging mononoetGRP
was a strong incentive to pursue the developmeatgg#nometallic-mediated radical polymerization (RR)
[33], and particularly the one based on cobalt dergs. This review gives an overview of cobalt-raeti
radical polymerization from its discovery to theshoecent advances. Both mechanistic and macrouolatec
engineering aspects will be discussed in ordessess the system as a whole. Future prospects RFCM
emphasized by this general presentation, will seudised.

2. ROOTS OF COBALT-MEDIATED RADICAL POLYMERIZATION
In this part, we do not aspire to exhaustively egwvthe state of the art of cobalt chemistry priothe discovery

of CMRP. We rather aim at pointing out importartiaeements in both organic and polymer chemistry
involving cobalt, in order to deeply understand @RP principles as well as its possible side ieast
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2.1. Organocobalt complexes in carbon-carbon bonafmation

Organocobalt(lll) compounds have long attracteerdin because of the facile homolytic cleavagthef
cobalt-carbon bond under thermal or photolytic dtons [34-40]. Since the Co-C bond cleavage can be
achieved under mild conditions, organocobalt comgaenave been used as sources of carbon-centéliedlsa
for organic synthesis and in polymer chemistry.

First, it is essential to realize that the chemjisfrcobalt complexes is closely related to thersiatent Radical
Effect” (PRE). This general concept, identifiedFigcher [41] in 1986, rationalizes the highly sfiedormation
of the cross-coupling product {fR,) between a persistent radicak{Rand a transient one {R at the expense
of the self-termination of the transient radicdts-R,) [42]. At the early stage of the reaction, a tamgount of
the transient radical ¢R) disappears by self-termination, while the peesistadical () accumulates in the
medium, favoring the formation of the cross-couplproduct (R-Ry). This concept notably explains the unusual
stability of methylcobalamine 1 under photolytieatment, the cobalt complex 2 and the methyl r&8iteeing
the persistent and the transient radicals, resmagt{Fig. 1) [43]. In spite of the high propenstfymethyl
radicals 3 for cross-coupling reactions, ethane waishe major product. However, addition of carlbboonoxide
in the medium mainly resulted in the formation oétylcobalamin 5 [43]. This experiment confirmed th
"persistent radical" character of the'@omplex and illustrated the potential of alkyl-ctifitl) as clean sources
of radicals for radical addition reactions.

Fig. 1. Photolytic transformation of methylcobalamine iafzetylcobalamin.
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The thermal isomerization of the coenzyme B12 mgglahother perfect illustration of the PRE invalyicobalt
complexes, as reported by Finke and Daikh [44}his case, thermolysis of the benzyl-cobalt bonthén
coenzyme B12 6 leads to an equilibrium betweendstha benzyl migration product 7, with low formatiof
bibenzyl (<0.001%), the radical-recombination pratdiFig. 2).

The propensity of organocobalt complexes to disfhaypersistent radical effect has largely beetodbeal in
organic synthesis and more particularly for carbarbon bond formation, as assessed by an aburzantific
literature [45-47]. A typical example is the cobaiédiated vinylation, described by Giese and cokexs [48]

and illustrated in Fig. 3a. Upon photolysis, thgcgkyl-cobalt complex 6 releases glycosyl raditiads add
styrene. The coupling product of this radical adavith the Cd complex was not isolated, but rather formed the
alkene 7 by rapid dehydrocobaltation. This typerafcess was also studied by Branchaud et al. [#8y/w)
Pattenden and coworkers [51] using alkyl- and acydalt complexes 8 and 10, as illustrated in HigaBd c.

All these reactions follow the general mechanisowshin Fig. 4. Exposition of the alkyl- or acyl-cai(111)
complex 14 to light or heat triggers reversible lotytic Co-C bond cleavage and generates a carbotees
radical 15 and the persistent'Cmmplex. Subsequent addition of this carbon-cedteadical to alkenyl
compounds and reversible trapping of the newly &ximradical 16 by the persistent'Gzpecies to form 17 are
followed by dehydrocobaltation with formation oktfinal unsaturated product 18.
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This mechanism contains the basic reactions typicabbalt complexes in a free radical polymerizati
medium. Indeed, as with small organic radicalsygng polymer radicals can react with cobalt compkex
according to two pathways: reversible cobalt-carbond formation and dehydrocobaltation.

Fig. 2. Thermal isomerization of coenzyme B12 model.
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2.2. Catalytic chain transfer polymerization (CCTP)

The dehydrocobaltation observed in the cobalt-mediginylation is a key step in the catalytic chimansfer
polymerization process (CCTP). As reported andudised in detail in several reviews [52-54], sonteati@l|)
complexese.g.cobaloximesé€.g.complexes 13 and 19, in Fig. 5) and cobalt porpisy¢20) are effective chain
transfer catalysts, responsible for moderatingttiéar mass of polymers prepared by radical polyra¢ion,
particularly poly(alkyl methacrylate)s (PMMAS).
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Fig. 4. General mechanism of carbon-carbon bond formatipmeaction of organocobalt complexes with
olefins.
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Fig. 5. Examples of cobalt complexes active in catalytairchransfer polymerization (CCTP).
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According to the commonly accepted mechanism [@Zpbalt(Il) complex reacts with a polymeric radlizha
forming an alkyl-cobalt(l1l) complex 22 or can umge hydrogen atom abstraction by the cobalt witbase of
a polymer chain with an unsaturated end-group 23farmation of a cobalt hydride 24 (Fig. 6). Théadygtic
cycle is closed by generation of a primary rad@&aby hydrogen transfer from 24 to a methyl metjlate
(MMA) monomer unit, followed by propagation. Notestioy, all growing radicals, including the primagdical
25, can be reversibly trapped by the cobalt(ll) ptax.

In this mechanism, the persistent radical effece$ponsible for the reaction selectivite. the rapid cross-
coupling reactions of the polymer radicals with greesistent Cbcomplex vs. very limited self-termination of
the polymer radicals. Moreover, all the polymerinbdormed by CCTP bear an unsaturation atstfedain end,
which makes them potential macromonomers [55-66@]thns precursors of graft copolymers [61,62]. For
further information regarding the CCTP process rdagler is invited to read the review by Gridne¥, {&].

Vinylic monomers can be divided into two groupstba basis of their propensity to undergo catalgtiain
transfer. Monomers havingmethyl group with hydrogen atoms prone to abswacsuch as methacrylates,
methylstyrene and methacrylonitrile, are CCT-activenomers [52-54]. The second group includes mone®me
less prone to CCT reactions, such as acrylategl aoetate, acrylonitrile, etc. In the total absent hydrogen
abstraction, the polymerization carried out inphesence of a cobalt complex is ruled in principlehe
reversible Co-C bond cleavage and monomer additipening the way to cobalt-mediated controlledcaldi
polymerization. In summary, depending on the prgjigmof the polymer to undergo hydrogen eliminatéord
the ability of cobalt complex to promote H-abstiaict either "catalytic chain transfer polymerizatidCCTP)

or "cobalt mediated radical polymerization" (CMR®Javored, as emphasized in Fig. 6.
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3. COBALT-MEDIATED RADICAL POLYMERIZATION
3.1. General principles and preliminary consideratbns

A radical polymerization is considered to be undamtrol when the termination reactions are neglégib
comparison with propagation. This requires a cdinigpbagent able to temporary deactivate the grovdhains
and minimize their instantaneous concentratiothénCMRP system, the deactivating species whichk ttap
chains is the cobalt complex. Moreover, in orddimt the chain breaking reactions and obtain wiglfined
polymers, chain transfer reactions must also bégiklg. An ideal CMRP process could thus be schiered
according to Fig. 7.

Fig. 6.Interplay of hydrogen transfer reactions and peaesi$ radical effect (PRE) for polymerizations
conducted in the presence of cobalt complexes.

rPRE ) S
| o ¥ + Co"
we—CH;—— Co" —= |W—CH/—" — W—CH;
5y COCH, 4 5y COCH, 23 CO,CH,
+MMA T k, -
. +MMA
HEC Coll a—= CH; . R [Col)-H
26 CO,CH, +Coll 25 CO,CH, - ot 24
S CCTP

Fig. 7. General mechanism of cobalt-mediated radical polyration.
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Upon photolytic or thermal treatment, a preformegamocobalt(l1l) species undergoes Co-C homolytic
cleavage with release of a persistent cobalt "edtland a transient alkyl radical. In fact, the ab@l) product is
not necessarily a simple radical, because itsreleict configuration may involve in some cases thnegaired
electrons (high spin configuration with a quartetund stateyide infra),but always plays the role of a
reversible radical trap just as a classical peststadical. The reactive organic radical addssh fnonomer unit
and initiates the polymerization. In the absenckyofrogen atoms sensitive to abstraction on thevigigp
polymer chains, and depending on the choice ottalt(ll) species, the dehydrocobal-tation pathgkay
could be disregarded at the expense of the tempdeactivation of the radical chains by the colig)t At this
stage, the chains are considered as "dormant"rencdhtlical species can be regenerated because lofitCo-C
bond strength %o). The polymer chains can thus éurpinopagatekg) until the next reversible deactivation. In
other words, the CMRP process can be seen asea séisubsequent carbometallations of vinyl moneiriene
instantaneous radical concentration must alwaysuHfeciently low to avoid cross coupling reactidmstween
the chains but sufficiently high to sustain polyieation. The Co-C strength, dictated by the choitthe cobalt
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complex structure for a given monomer, is thusyagarameter. Among vinyl monomers, those deprivied o
a-methyl groups, and particularly acrylic and viegter monomers, are less prone to H-abstractiaobait
complexes. Consequently, these monomer families baen the first ones to be investigated by CMRFhé
subsequent sections of this review, the reactiomslassified on the basis of the monomer. Witliohesection,
the cobalt complexes are sorted by famiily,cobalt porhyrins and cobaloximes on one side as-bi
diketonato)cobalt( II) derivatives on the otheresid

3.2. Homopolymerization
3.2.1. Acrylic esters

In the early nineties, the groups of Harwood anavookers [16] and Wayland et al. [15] discoveretait-
mediated radical polymerization almost simultan&ouoth were focused on the control of acrylate
polymerization using cobaloxime and cobalt porpmpomplexes, respectively (see Tables 1 and 2).

As reported by Harwood and co-workers [16,63-6%] patented a few years later [66,67], (isopropy-
Ipyridinato)cobaloxime 27 (in Table 1), also knoasmorganocobaloxime, is an efficient initiator aoatrolling
agent for the radical polymerization of acrylatpsmiirradiation, as a result of the photolabilifytiee cobalt-
carbon bond. In a typical example, compound 27 gditically initiated the polymerization of a 66%lstion of
ethyl acrylate in chloroform [65]. Under these citiodis, the molar mass increased with the monomer
conversion. However, a discrepancy between obsemddxpected molar masses appeared above a monomer
conversion of 40% and the molar mass distributias velatively high (M/M, > 1.5). Interestingly, it was
mentioned that the polydispersity tends to incréaske presence of a larger amount of chlorofoerg.60
vol%) [65]. However, better results were obtaindtewthe cobaloxime-mediated radical polymerizatibn
acrylate was conducted in the presence of chlomofather than in bulk or in other solvengsg.
dimethylsulfoxide, benzene, dichloromethane). ksthlatter cases, it was suggested that chairferaors
termination competes with propagation because ehgner molar masses remained low and did not irserea
with conversion [65,68]. It was proposed that th&ue behavior of chloroform is due to its reactiith
cobaloxime leading to chlorocobaloxime [65,69,4.(1)), which is inert under the polymerization
conditions. Indeed, this would reduce the exces®béloxime in the polymerization medium and geteenaw
radicals that can compensate radicals lost duhagblymerization, allowing the polymerization targue in a
pseudo-living manner. Although not perfect, a darthiegree of control does exist and allows to sysitte
poly(ethyl acrylate) with different molar massesusyng various [monomer]/[organocobaloxime 27] mola
ratios [65]. The possibility to control the acr@aiolymerization in the presence of Co(dmgHL3 suggests a
low contribution of the transfer reactions, congrar the polymerization of methacrylates usingshene
complex [71].

CHClI5 + Co(dmgH3),Py — *CHCl; + ClCo(dmgH;),Py (1)

Interestingly, early work by Enikolopyan et al. ogfs the polymerization of acrylates in bulk at®@using azo-
bis-isobutyronitrile (AIBN), as free radical init@ in the presence of hematoporphyrin tetramethykr cobalt
complex (Co(HPTME), 38 in Table 2) [72]. After amduction period, formation of cobalt bonded polysneas
observed. Later, other cobalt porphyrins were ssafodly used as mediators for efficient CMRP [15].
Tetra(mesitylporphyrin organocobalt(lll) compleXxéEMP)Cd"-CH,C(CH;); 31 and (TMP)CY-CH(CO,CH,)
CHj; 32, see Table 2) were used as thermal-initiatorthe methyl acrylate (MA) polymerization at 60 itC
benzene solution ([MA] = 2.5 M) [15]. In this caske alkyl radical (R) and the Co(TMP) complex 30, released
by thermal homolysis of the Co-R bond, play the @ initiator and controlling agent, respectivelfe linear
molar mass increase with the monomer conversiontandelatively low polydispersity (1.1-1.3) indied an
effective controlled radical polymerization procédsgerestingly, control was maintained above 70&mamer
conversion even when molar masses beyond 200,00l g/ere targeted. Moreover, the efficiency factor
(f= Mh/Mnexp based on the ratio between the expected andkffeimental molar masses was remarkably
close to unity, which assessed the growth of on@RN&in per cobalt complex. The establishment of an
equilibrium between the dormant organocobalt(lp@aies on one side and the growing radical andspens
Ca'(TMP) complex on the other side was the key steghisfcontrol. Self-termination of the growing realis is
effectively reduced according to the PRE. On tteiohand, the methylene hydrogen abstraction bynitallic
complex, leading to an unsaturated polyacrylateTE)Cwas minimized.
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Table 1: Cobaloximes derivatives.

Structure X Y R Name No.
R -H / / Co'(dmgH), 13
L X
o] o
N| N
‘\ /’ \
I "("E’NI -H Py -CH(CHh), R-Cd" (dmgH)Py 27
0, lo
v
Table 2: Cobalt porphyrin derivatives.
Structure X Y R Name No.
-H -H / Co'(Porph) 20
-H -Ph / Ca'(TPP) 28
-H -Ph -CH,C(CHy)s R-cd"(TPP) 29
-H g | / Ca'(TMP) 30
-H ; | -CH,C(CHy)s R-Cd"(TMP) 31
-H g | -CH(CO,CH;)CH;  R-Cd"(TMP) 32
-Br ; | / Co'(BrgTMP) 33
-Br g ) -CH(CHy)(OCOCH,) R-Cd°(BrgTMP) 34
-H 4_@0\46) / Co"(TAP) 35
H E SO.Na / Cd'(TMPS) 36
SO,Na
-H _@_SOQM) / Co'(TSPP) 37
=- Y =-(CH,),COMe  Cd'(HPTME) 38

CH(CHs)OMe

It was also demonstrated that the delicate balaat@een CCTP and CMRP for the polymerization oflate
in the presence of cobalt complexes largely dependbe structure of the metallic complex, maintytbe
steric demand of the ligands [73]. Typically, pobmizations initiated by organocobalt porphyrin céex@9 (in
Table 2), parent of (tetraphenylporphyrinato)col@t(TTP), 28 in Table 2), yield an increased pipdrsity

(from 1.1 to 1.9) and stagnant molar masses asaifun of monomer conversion, which is the clegnature of

catalytic chain transfer (CCT) [73]. However, wHeo(TTP) 28 was substituted for Co(TMP) 30, theister
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hindrance of the tetramesitylporphyrin ligand plotsi the H-abstraction and allows the process ltovioa
controlled radical polymerization pathway [15]. Sahuently, Co(TTP) 28 definitely demonstrated fligiency
as catalytic chain transfer agent and its abititptovide macromonomers of PMMA by CCTP [74].

Fig. 8: Initiation mechanism of the cobalt porphyrin-meditadical polymerization.

(R(CH,)(CN)C),N, A, 2 R(CH,)(CN)C* + N, )
with R = -CH,-C(OCH,)(CH,),
R(CN)(CH,)C'+ (TMP)Co! — (TMP)Co"-H + R(CN)C=CH, (3)

(TMP)Col-H + CH,=CH(CO,R) — (TMP)Co™-CH(CO,R)CH; (4

The (octabromotetramesityl)porphyrinato cobalt¢implex ((BsTMP)Co, 33 in Table 2) was also reported as
efficient mediator for the acrylate polymerizatian60 °C in benzene solution [75]. The control cber
molecular parameters was comparable to that olataifth Co(TMP) 30, although the rate of polymeriaat

was substantially higher. Indeed, the appareritdirder rate constant at 60°C,{§ for the MA polymerization
initiated by a preformed PMA-Co(BFrMP) was 30 times larger than for PMA-Co(TMP). Sithson of

bromine for hydrogen on the porphyrin core stabgizobalt in the oxidation state Il and reduce<eC
homolytic enthalpy, thereby shifting the equilibridcowards the active species and speeding up the
polymerization. Since the organocobalt complex RBZsT MP) has a weaker Co-C bond than R-Co(TMP), it
was possible to reduce the polymerization tempegatndeed, (BTMP)Co-CH(CH)OC(O)CH; (34 in Table

2) successfully initiated the controlled polymetiaa of methyl acrylate at room temperature [76].

In a more convenient approach, efficient initiattmsCMRP were generated situ by heating methyl acrylate at
60 °C in benzene in the presence of a conventioealradical initiator (2,2'-azo-bis-(4-methoxy-2ldnethyl
valeronitrile), V-70) and the cobalt(ll) complex BOr]. Thein situformation of the alkyl-cobalt(lll) initiator is
described as follows (Fig. 8). The tertiary carloemtered radical formed by the thermal dissociatiothe azo-
initiator (Eq. (2)) is subjected to hydrogen absticm by complex 30 leading to an unsaturated lafid a
cobalt hydride complex (Eqg. (3)). This complex fipadds the monomer to form (TMP)&eCH(CO,R)CH;,
i.e.the actual initiator of methyl acrylate CMRP (E4))( The alkenes hydrocobaltation reaction wasadigtu
inspired from the reaction between the cobalt(@)gtyrin complex and AIBN, previously described by
Wayland and co-workers [78,79]. Importantly, whba toncentration of cobalt complex exceeded th#tef
radicals generated in the medium, the polymerinatias extremely slow. However, production of ahlig
excess of radicals compared to cobalfJIRTMP)Co"] = 1.2) led to a much faster polymerization. Iistbase,
an induction period was observed prior to polynagion, corresponding to the time needed to injacmount
of radicals in the medium sufficient to converttalt Cd species into organocobalt(lll) derivatives. Theeass
of radicals accelerates the polymerization wittaepriving the control of the polymerization. Moreoythe
molar masses were close to the theoretical valoessponding to one polymer chain per cobalt parpHy 7].
At that time, the CMRP was still described as apéinmetallo-radical "stable free radical polymetiza"
(SFRP) governed by a combination-dissociation gecleut this work announced a drastic change in the
mechanistic interpretation of the CMRP system [77].

Indeed, in line with this work, it was notably demstrated that the organocobalt porphyrin-mediated
polymerization of acrylates can follow a reversitdemination (RT) process but also a degeneratarester
(DT) pathway [80]. Such dual behavior was previguwmonstrated by mechanistic studies for orgaluniein
[31,81 ] and organotitanium complexes [82,83]. kmlsystems governed by RT, where the active growing
polymer radicals are exclusively produced by horiolgissociation of the bond between the polyméraiid
the controlling agent (X), a DT process requiresatinuous influx of radicals.e. from a conventional radical
initiator, that initiates tiny amounts of propagatichains during the whole polymerization proc&4.[In a DT
process, the active growing polymer chain8)(&e temporarily deactivated by reaction with dieemant
species (P-X) with release of a new radicdl)(MBased on kinetics studies, it was demonstritatthe
continuous injection of radicals in the CMRP polyimation medium turned the mechanism from a RT @sec
(Eq. (5)), into a degenerative transfer process (& [80,85].

P-Coll = P* + Co' (5)
P_COIII + P/. — P/ _ COIII + P (6)
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Such a phenomenon was first illustrated for thehgletcrylate polymerization conducted with (TMP)@® in
the presence and absence of an excess of V-7¥ediatthe metal [80]. When a default of initiatiradicals
was used relative to (TMP)&athe polymerization was very slow because of tivedoncentration of radicals
involved in the equilibrium (K = [C§[R*}J/[Co-R]). In this case, the controlled charactesvascribed to the
PRE. However, when the total moles of radicals éma¢r the polymerization medium from V-70 exceetthed
initial moles of (TMP)CS, a fast and controlled polymerization accordinghe DT mechanism was observed
after the induction period. When a conventional O/ifitiator (5.2 x 1¢ M) was added to a preformed CMRP
initiator 32 [(TMP)Co-CH(CGCH3)CH,)] (1.0 x 10° M), the rate of the polymerization was close ® ttate of
an uncontrolled polymerization initiated by the saamount of V-70 without the cobalt complex, ase=tpd
for a DT process. Importantly, working under DT ditions allows reducing the concentration of theal(11)
complex in the medium and thus the probabilityHieabstraction. Consequently, even the sterically le
demanding tetratmethoxyphenyl)porphyrin cobalt(ll) complex ((TAR)C35), that normally promotes chain
transfer reactions when used under RT conditiargessfully promotes the controlled radical polyization

of acrylates under DT conditions [80]. This chanfenechanism is thus of prime importance for chaggit
demand the activity of the cobalt complex, and egugntly, forincreasing the selectivity ofthe dedireaction
pathway.

3.2.2. Acrylic acid

Poly(acrylic acid) with low polydispersity and petdrmined molar mass was prepared in water at agy°C
CMRP initiated by V-70 in the presence of hydrobtduetra(3,5-disulfonatomesityl)porphinato colzalinplex
(Co(TMPS), 36 in Table 2) [86,87]. Similarly to gtates, the radical polymerization of acrylic aiddnediated
by both RT and DT pathways, depending on the amofuinee radical initiator used relative to the atib
complex. Typically, relatively well-definedV,/M,, ~ 1.2-1.4) polyacrylic acid was obtained up tatigely
high molar masse$A, ~ 300,000 g/mol), using a slight excess of V-7tpare to the Co(TMPS) in water at
60 °C.

In parallel, polymerizations of methacrylic acid A¥) initiated at 70°C by 4,4'-azobis(4-cyanopenaradid)
(V-501) in the presence of the less hindered tetsa(fonatophenyl)porphyrinato cobalt complex (CoPFS, 37
in Table 2) successfully led to macromonomers df(peethacrylic acid) by CCTP [88].

3.2.3. Vinyl esters
3.2.3.1. Early results

In contrast to many vinyl monomers, such as stygema (meth)acrylates, vinyl esters, particulanylv
acetate, remained challenging monomers for cortitathdical polymerization until recently. The mdifficulty
was the high reactivity of the propagating radichle to the lack of stabilizing groups. Howeverngnafforts
have been devoted to the search for CRP systemdambeal with this monomer in order to exploihit
macromolecular engineering, since this monomer palymerizes radically. Before the first exampleCdIRP
of vinyl acetate was reported in 2005 [17], veny feystems proved able to mediate the radical palfaigon
of this monomer. Degenerative chain transfer ualkgl-iodides [20], RAFT using dithiocarbamates]2hd
MADIX using xanthates [21-28] were the first remattmethods that promoted a reasonable level ofadot
VAc. At that time, Jéréme's group developed theated "Quinone Transfer Radical PolymerizationT&P)
[89-92], which proved efficient for controlling thradical polymerization of styrene when conductethie
presence of quinone derivatives associated witletlnatalyst. Acetylacetonato derivatives of ni@iKe
manganese(ll), aluminum(lll) and particularly cdfisll, were successfully used for QTRP of styre8@-p2].
With the hope of extending this method to other amaers, the QTRP of VAc was tested using phenarghren
guinone in the presence of bis(acetylacetonato)t{tipaln this case, a moderate control of the VAc
polymerization was observed when the cobalt complex used in stoichiometric amount compared to the
quinone [93]. This result was rapidly and drasticahproved when omitting the quinone in the same
experiment. Indeed, it appeared that the bulk edgiolymerization of VAc initiated at 30 °C by V-7 the
presence of Co(acac)2 (39 in Table 3) alone pravile best level of control achieved for this moesonmtil
then [17]. This experiment encouraged us to cresbtidge between QTRP and CMRP and to further
investigate the latter system.
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Table 3: Bis(8-diketonato)cobalt(ll) derivatives and his¢liketonato)cobalt(lll) compounds used in CMRP.

Cobalt(ll) complex X Y R Name No.
Y, X -CH; -CH; / Co(acac) 39
%;0\ ,(‘)j -C(CHy)s -C(CHy)s / Co(TMHD), 40
_ Co_ g -CR; -CHj; / Co(Rs-acac) 41
VA N -CFR, -CFy / Co(Rs-acac) 42
e R 3 -CHs -CHs -CH(OAC)CH; R-Co(acagc) 43
-CHs -CHs -(CH(OAC)CH,).4-Ry° R-Co(acag) 44

#Ro being an V-70 initiating fragment: -C(@KCN)-CH,-C(OCHs)(CHg)..
3.2.3.2. Optimization.

In the initial procedure, the VAc polymerization svaitiated in bulk at 30°C in the presence of Ca2 39
using at least a threefold molar excess of initi@i670) relative to the controlling agent [17]. tkr these
conditions, an induction period of several hours whserved, which corresponds to the time requioed
consume all the Co" in the medium. As expected, pleriod was shorter when a higher [V-70]/[Co]oatias
used, while preserving the control of the polymetitm. It was subsequently demonstrated that onaagnt
of V-70 was sufficient, although the induction pefriwas longer [94]. The ensuing VAc polymerizatioliilled
all criteria of a controlled procedse. linear increase of the molar mass with the monaroarersion, molar
mass distribution as low as 1.1-1.2, linear depeoe®f In(M]/[M]) vs. time. Moreover, there was very good
agreement between experimental and expected malssan considering one cobalt complex per chain.
Furthermore, in contrast to the cobalt porphyriacufor the acrylate polymerization, Co(agés)commercially
available and inexpensive. By analogy to the CMRBEel on cobalt porphyrin [15,75,77] and cobaloXidad,
the mechanism proposed for the Co(agaw@diated polymerization of VAc carried out in bulks initially
attributed to the reversible deactivation of thaink with the metal (Fig. 9). The equilibrium beémethe active
growing PVAc chains and the dormant PVAc species@apped by the Co complex could be possible by
thermal homolytic cleavage of the metal-carbon bidnd. However, the fact that the control of the RMI
process was not drastically affected by the lasgess of initiator put the simple reversible teration model in
guestion, as discussed hereafter.

Besides the temperature adjustment, which was optigt 30 °C, the nature and amount of azo-initiatowell
as the nature of the cobalt complex were inves)§25]. The reversible chain deactivation key steyst be
sensitive to the stereoelectronic properties ottitealt complex. In addition to Co(aca@ series of
commercially available cobalt derivatives wereaddbr the VAc polymerization initiated in bulk &¢70, such
as sterically hindered bis(2,2',6,6'-tetramethytaagionato)cobalt(ll) (Co(TMHD) 40 in Table 3), but also the
complexes bis(trifluoro-2,4-pentanedionato)cobBl{Co(F:-acac), 41 in Table 3) and bis(hexafluoro-2,4-
pentanedionato) cobalt(ll) (Cafacac), 42 in Table 3) containing electron-withdrawing3X$ubstituents.
Co(F3-acag) 41 behaved similarly to Co(aca®9 [95], yielding low polydispersity and good agmeent
between theoretical and experimental molar masges,eas Co(TMHD)40 [93] and Co(F6-acach2 [95]
offered moderate and very poor control of the Vatymerization, respectively. In the latter case AWvith
high molar masses and broad polydispersity wemaddrwithout induction period, suggesting the irdincy
of this complex as trapping agent.

3.2.3.3. Mechanistic studies.

Although the Co(acaghnd cobalt porphyrin systems may appear simikrhdas its own specificities. While
the cobalt atom in the porphyrin system is consédiin a square planar conformation by the mactmcigand
and adopts a low spils€ 1/2) configuration [96], the acetylacetonato sgstadopts a tetrahedral geometry and
a high spin $= 3/2) configuration [97]. Both form mono and bigéind) adducts, which maintain the same spin
state as the corresponding parent compound. Ttigtion mechanism also reflects the difference letwthese
two systems. It was clearly established that ti&tion of the VAc CMRP in the presence of Co(gdsames

not consist in thén situformation of cobalt hydride followed by hydrocolzion of a first monomer unit, as
was the case for cobalt porphyrin-mediated acryatgmerization represented in Fig. 8 [77]. IndediR
analyses emphasized the presence of V-70 fragraettisa-chain end of PVAc which confirmed that the VAc
polymerization was actually initiated by radicad¢éeased by the thermolysis of V-70 (Fig. 10) [98]is
difference is most probably due to the lower praitgrof Co(acag)for H-atom abstraction compared to Co
porphyrins.



Published in: Progress in Polymer Science (2008, 34, iss. 3, pp. 211-239
Status: Postprint (Author’s version)

Fig. 9. Equilibrium between dormant and active specieh@@MRP of vinyl acetate using
bis(acetylacetonato)cobalt(ll) 39 as controllingeam.
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Fig. 10. Initiation mechanism of the Co(acaghediated radical polymerization of vinyl acetate.
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Since the contribution of a degenerative chainsfiemmechanism was clearly evidenced for the cobalt
porphyrin-mediated radical polymerization of actglf80,85], this possibility could not be ignorexthe case of
the Co(acac)2-mediated polymerization of VAc, eglcwhen using excess V-70. As already mentioned
above, the persistence of control in spite of #igd excess of V-70 discredits the pure revers#igination
mechanism hypothesis [17,98]. On the other harmdpbserved successful resumption of VAc polymedpat
from a purified PVAc macroinitiator in the abserdedditional V-70 is not compatible with a degeaiae
chain transfer mechanism [17]. This ambiguity wispelled by Poli and co-workers [94]. On one hamiden
isolated under strictly oxygen and moisture-freeditions, PVAc-Co(acac)?2 failed to re-initiate tHAc
polymerization, ruling out an RT process under ¢hganditions. On the other hand, it was also detnates]

that addition of water to the purified macroinitintmade the chain extension possible. This cleargjgests that
addition of water molecules favors the homolytieastage of the Co-C bond and activates the RT psotéater
would exert this action by coordinating to the kigbordinating site of cobalt, as will be analyzedre in detail
below. This study emphasized for the first time kbg role of Lewis base additives, such as pyridiné water
on the course of the VAc CMRP [94]. In summary, @RP mechanism of VAc in bulk in the presence of
Co(acac) changes from degenerative chain transfer (DTgvensible termination (RT) upon addition of water
or pyridine, as supported by kinetic data [94].

The role of coordinating molecules on the CMRP fuather investigated. Interestingly, when the VAc
polymerization was initiated at 30°C with V-70 hetpresence of Co(acac)2 and 30 equivalents adipgrino
induction period precedes the polymerization of Yéantrary to the same experiment conducted without
additive. In spite of the increase of the molar snagh the monomer conversion that assessed theoded
character of the polymerization, the experimentalammasses were more than twice higher than eggect
The first observations is rationalized by the imavhent of the cobalt complex in a ligand additigmibrium,
yielding the trans-octahedral Co(ac#tg) complex, as evidenced by NMR [94]. This equilibnienergetically
stabilizes the Cbspecies, thereby shifting the &&VAc bond dissociation equilibrium towards thenfation
of the active radical chain and opening accessadT mechanism from the very beginning of the gssc
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The second observation is a natural consequentte sfow production of the active Ed?VAc chains by the
V-70 decomposition. The polymer \decomes closer to the theoretical limit as mockraore C8 is
transformed into Cb. The accordingly revised CMRP mechanism of the \&\gresented in Fig. 11.

In order to conduct an in-depth study of the CMR&hanism, the synthesis of an alkyl-cobalt(lll) relod
compound, able to initiate and mediate the polyna¢ion, complex, was considered. Due to the highity of
the Co-C bond and sensitivity to oxygen, prepanadind isolation of an alkyl-cobalt(lll) complex qagrted by
hard-donor ligands. such as acetylacetonate (aepxpected to be difficult. In fact, all envistohstrategies
failed to provide the single Co adduct (Co(acack@Ac)CH3, 43 in Table 3) that mimics the PVAc damh
chains end-capped by Co(acac)2 [99,100]. Howeeextion of V-70 with an excess of Co(acac)2 in the
presence of VAc at 30 °C gives access to low mddeaveight cobalt(lll) adducts (Co(acac)
(CH(OAC)CHy)<4-Ro; Ro =V-70 fragment, 44 in Table 3), whicsists of about three VAc units [99]. After
isolation of 44 by chromatography, kinetic expensewere conducted using the alkyl-cobalt(lIl) acidliéree of
V-70, as CMRP initiator for VAc in bulk at 30°C. Basing the Co(acac)2-(CH(OAc)CH2)<4-Ro 44 alone as
initiator, a very slow polymerization was obsena®0 °C, which suggests that the PVAc-Co(acac)itibe
relatively strong at this temperature. DFT caldola notably predicted that chelation by the caybgnoup of
the last VAc unit provides an extra stabilizatiortie Co-C bond (see upper left structure of 48ign 12 and
the DFT section below). Then, addition of 1 equéwdlof V-70 to the compound 44 in solution in VADws
the polymerization to proceed mainly according f@Taprocess while maintaining a reasonable levelomitrol
(Route A in Fig. 12). However, in the presence efrall amount of water or pyridine (1-10 equivasent
compare to the cobalt complex), the carbonyl gnwap replaced from the coordination sphere of 4thby
added Lewis base. In this case, the homolytic elgawf the Co-C bond is facilitated, triggering teeersible
termination mechanism (Route B in Fig. 12). Undiexse conditions, by adjusting the ratio between the
monomer and 44, well-defined PVAc with molar massesigh as 150,000 g/mol and polydispersity asdew
1.1 were obtained, which is the best level of adrdrver observed for the radical polymerizatiorvéic by
CMRP [99]. The role of coordinating molecules, whaould also be the reaction solvent or the monatself,
was crucial when the polymerization of other monmrad macromolecular engineering were envisioryed b
the CMRP techniquévide infra).

Fig. 11.Mechanism of the CMRP of VAc in the presence ofdleases (e.g. pyridine).
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Very recently, the vinyl acetate polymerization vigiiated by AIBN and/or V-70 at 60°C in the prese of
(TMP)Co (30 in Table 2) [101-103], which had preywsty been restricted to the control of the acrylic
monomers. These experiments were carried out iteckted benzene solutions in order to monitor thigrper
yield by proton NMR. In spite of deviations frone@ CRP due to irreversible radical termination tradsfer
reactions, homopolymers with narrow molar masgibigions ( 1.1 -1.3) were prepared at least atheonomer
conversion (below 20%). A kinetic study demonstidtee occurrence of a DT mechanism under these
conditions [103].
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Fig. 12.Interplay of degenerative chain transfer (A) andesible termination (B) mechanisms in the CMRP of
VAc.
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Fig. 13.CMRP of acrylonitrile initiated by a preformed algobalt(lll) adduct (44) in dimethylsulfoxide.
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3.2.4. Acrylonitrile

Well-defined poly(acrylonitrile) (PAN) containingaterials have great potential, but the controlled
polymerization of AN is challenging because of lfigh monomer reactivity and the low polymer solitpil
Very recently, an in-depth study of the AN homopoéyization by CMRP was investigated using Co(acas)2
controlling agent. The first attempts were carioed in dimethylformamide (DMF) solution at 30 °Gngs V-70
as initiator. However, the poor solubility of PANDMF at 30 °C hampered the process [104]. In #tteb
solvent dimethylsulfoxide (DMSO), a reasonable pwodyization rate was observed (50% conversion &figr
Although the molar mass did not increase perfditBarly with conversion, especially at the eathge of the
experiment, some control was observed [104]. IndBédN with relatively narrow molar mass distributf
were obtainedN,,/M, ~ 1.4) and, for a given conversion, the molar niasieased when the [AN]/[Co(acac)2]
ratio increased. However, the efficiency factorWfs much lower than unity (at 50% monomer coneerkE
Mn,tr‘/Mn,exp: 0-3)-

On the other hand, when the AN polymerization wétsated at O °C in DMSO with the alkyl-cobalt(lI)
compound 44 (Fig. 13), the AN polymerization fuéd all criteria of a very well-controlled polymeaition,i.e.
the molar masses were close to the expected vidaksilated considering the [AN]/[44] ratio), the



Published in: Progress in Polymer Science (2008, 34, iss. 3, pp. 211-239
Status: Postprint (Author’s version)

polydispersity was close to 1.1 and the chain lemngtreased linearly with the monomer conversidiv]1

Since compound 44 is free of azo-initiator residties polymerization of acrylonitrile in the preserof DMSO
must follow a reversible termination RT mechani§ioordination of the cobalt(ll) complex by DMSO was
confirmed by X-ray analysis and supported by DFIEwations [104]. The latter technique also pregticthe
influence of such coordination on the Co-C bonddaligation enthalpy, as discussed in the DFT sett@ow.
This successful control of the acrylonitrile polyiation goes well beyond the extension of the CMigftem
to another vinylic monomer. It also illustrates theéreme sensitivity of the CMRP system to the eixpental
conditions (solvent, temperature, initiating spscedditives), opening many possibilities for tpplaation to
other monomers.

3.2.5. Conclusions

In general, the CMRP process has been succesafplied to four monomer families: acrylic esteigyéc
acid, vinyl esters and acrylonitrile. One charastir of this process is that it can be conductddwa
temperatures ranging from 0 to 60 °C dependindherCo-C bond strength. Moreover, it proved itscéfficy
on several occasions when high molar masses weetéa (M, > 200,000 g/mol). However, although CMRP
can manage different classes of monomers, itildrggrthat each of them is specifically controlleg one family
of cobalt complexes. Indeed, cobalt porphyrin amloladoximes are efficient to control the polymeriaatof
acrylic monomers whereas bjsliketonato)cobalt( 1) derivatives mainly deal itinyl esters and
acrylonitrile. For example, when conducted in thespnce of Co(acac)2 the acrylate polymerizatidassand
uncontrolled [95] due to a Co-C bond that is tdal&aas confirmed by DFT calculations [99]. As nienéd
previously, one exception to this strict classtfica is the recent report on the CMRP of VAc at lmwnomer
conversion using the tetra(mesityl porphyri-nat@gdbcomplex (30 in Table 2) [101-103].

A challenge in CMRP is to modulate the cobalt carpkactivity in order to deal with a large randeiaylic
monomers with the same cobalt complex, which igtofost importance when block copolymers and other
macromolecular architectures are envisioned. Iwwaéthe recent results, this goal appears achlevap
introduction of coordinating molecules in the pobnization medium. In this respect, computationéduations
could be useful to predict the Co-C bond strengkiing into account the structure of the monomertaed
cobalt complex as well as the polymerization caadg (solvents, additives, etc.).

Fig. 14.Qualitative diagram relating the enthalpy of the"Cand C8 complexes implicated in CMRP.
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3.3. DFT calculations as rationalizing and predictig tools

The accuracy of theoretical calculations in terfmolecular structure, energetics and physical erigs has
made enormous progress in the last couple of decatie application of computational tools, espégcial
Density Functional Theory (DFT) methods, in viewtledir relatively good performance at comparatively
computational cost, is becoming routine in a varadtdifferent areas of chemistry and controlledical
polymerization is no exception.
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Calculations addressing CMRP have so far beendirtid the Co(acaghystem and to thermodynamic issues
related to this polymerization technique. Accordioghe accepted mechanisend.see Fig. 7), the effective
(pseudo-first-order) polymerization rate constargiven by the expression of Eq. (7). TRgk) term is the
equilibrium constant of the dormant species disgam equilibrium. The precise nature of thé'Gmnd C4
species involved depends on the presence in solafidonor ligands (L) that are capable of forming
coordinative bonds with the two species and orsthength of these bonds, as shown in Fig. 14.

_call
kefr = (l,i_j) <—[R[CS)3] ]> kp (7)

Cd'(acac)2 is known to adopt a tetrahedral geometdjlirie solution and the addition of neutral liganday
lead, if the C8-L bond is strong enough, to the formation of meng¢more frequently) bis-adducts, with,
respectively, trigonal bipyramidal and trans-octithécoordination geometries, as shown in Fig.Alhthese
systems adopt a high spin electronic configuratibree unpaired electrons) because of the weak ditthe
acetylacetonato ligand. The b bonds have a relatively low strength [small BE"-L) and BDE(Ca'-L)]
and are labile. The dormant complex R!Cacac)2 may also bind L, but no more than one nutge@lthough
simple alkyl-cobalt(lll) complexes having theseighiometries have not yet been isolated [100], othieyl-
cobalt(lll) compounds, mostly with porphyrin andie models(e.g.Schiff bases), are well known [105-108].

They can either adopt a square pyramidal configamatith an axial alkyl ligand, or a pseudo-octatadd

geometry withtransR and L. Both systems are diamagnetic becausesafttbng ligand field of the alkyl

ligand. The DFT calculations indicate that thesengetries and the diamagnetic ground state areaalspted by

the acac systems of &o

The chain activation equilibrium will be more diaped towards the free radical and' Qiereby speeding up
the polymerization process) for weaker R'Caonds and for ligands L that form stronger bonith the

resulting unsaturated €@omplex. Therefore, calculations have been focuseithe evaluation of the strength
of these bonds, namely the R*bond [BDE(R-Cd') and BDE(R-Cg")], the Cd'-L bond [BDE(CJ'-L)],

and the Cb-L bonds [BDE(C0'"-L) and BDE(C0'-L)]. The influence on these bonds by the preserisehce
and chemical nature of L is of particular interest.

Fig. 15.Qualitative energy diagram for the eR homolytic bond rupture: (a) porphyrin and corggstems,
giving low spin (S = 1/2) Cocomplexes; (b) bis(acetylacetonato) system, gikigh spin (S = 3/2) complexes.
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3.3.1 Calculations of R-CbBDE

Previous calculations of ¢aalkyl bond strengths had mostly been confinedhéovitamin B12 system [109-
113]. There is a major difference between the pgiptand corrin model systems and Co(agatie stronger
field of the porphyrin and Schiff base ligands &s¢d in the low spin configuratiorS(= 1/2). Therefore, the
R-Cd" homolytic bond rupture leaves a single unpairedtedn on both the radical and the cobalt atom when
the latter is coordinated by the stronger porphgrischiff base ligands, whereas the same prosess i
accompanied by the unpairing of two additional etatfrom a metadl orbital for the Co(acagyystem, see Fig.
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15. This is because the energetic separation batfilsl and empty orbitals is smaller in the prese of the
low-field acetylacetonato ligands.

When addressing the specific question of the Cax@itstrength in (acag)o" -R systems, a major
computational problem concerns the change of gpie associated to the homolytic rupture (from sjmglet
(S=0) for Cd"-R to a global spin triplei§= 1) resulting from the combination of the qua(&= 3/2) of the
Co' complexes and the doubl&=(1/2) of the free organyl radical). For processhsre a change of spin is
involved, DFT methods provide results that are hyittifferent, depending on the type of functionaéd.
Accurate bond enthalpies are accessible in pria¢hriough high level computational methods, bug ihiquite
impractical for molecules the size of those ofiegt here. A detailed discussion of this phenomésawailable
in other specialized articles [114-117]. In thigiesv, we limit ourselves to mentioning that the mkypical and
frequently used "hybrid" functionals, such as B3Lafle@ known to overestimate the relative stabilithigher
spin states, whereas "pure" functionals, such @&6RMten do the reverse. Unfortunately, no "rulé¢hoimb” is
available for the selection of the best functidioala specific problem. An appropriate choice wolddmade
possible by comparing calculated and experimengalgilable parameters, or by comparison with mugher
levelab initio calculations, believed to provide a closer appration of the experimental value. Modified
hybrid functionals with a reduced admixture of éhect exchange have been developed using thesesapps
on simple and well investigated systems, for instahe CO dissociation from Fe(G@yoing from singlet to
triplet) [115]. For the typical systems used in CRIRhe first approach is impossible because Co-R8&re
not experimentally available, while the second iznerohibitive given the relative complexity of thgstems.
Thus, it is wise to compare the results obtaingtl different functionals and to focus the analysigrends
rather than on absolute values.

Calculations of BDE(R-Cb) and BDE(R-Cg") values (see Fig. 14), carried out with the B3LiRctional,
were initially restricted to a model system where RH; [94] and later extended to R = CH(Og8H; (as a
model of poly(vinyl ether) (PVE)), CH(OOCG)}H; (as a model of PVAc), CH(CN)GHas a model of PAN),
CH(CGO,CH3)CHz (as a model of PMA), and CH(GHCN (primary radical generated from AIBN) [99,104].
These results (see Table 4) confirm the expectpdrdtence of the bond strength on radical stahidizat

Table 4 DFT-calculated bond dissociation enthalpies (BDER88 K for R-Cl (acac)(L) complexes

R L BDE (kcal mol™)®  Ref.
B3LYP B3PW91*

CH;, - 14.6 [94]
CH;, py 17.9 [94]
CH;, NMe; 17.2 [94]
CH, NH;  17.8 [94]
CH;, H,O 18.8 [94]
CH(OCH;)CH; - 8.4 [99]
CH(OOCCH)CH; - 5.7 10.0 [99,104]
CH(OOCCH)CH; AN 101 16.2 [104]
CH(OOCCH)CH; DMF 8.2 14.1 [104]
CH(OOCCH)CH; DMSO 4.5 9.9 [104]
CH(OOCCH)CHg-(x%C,0) - 11.9  13.0 [99,104]
CH(CN)CH; - 1.3 6.7 [104]
CH(CN)CH; AN 7.7 14.2 [104]
CH(CN)CH; DMF 6.0 12.5 [104]
CH(CN)CH; DMSO 2.9 9.4 [104]
CH(COOCH)CH; - -1.5 [99]
CH(CH,),CN - -5.5 [99]

2 Only bond energies were given for the bonds regdrt ref. [94]. The values reported here are thedard enthalpies, obtained by
corrections with the PV term at 298 K.

b With both functional, the calculations were cair@it using the 6-31G** basis set for the lightraso(C, N, O, H) and the LANL2DZ basis
set with an added f polarization function for Co.

The calculations on the model gBo(acac)2(L) system with L = py, NMeNH; and HO show that the L
coordination strengthens the Co-gibbnd by 3-4 kcal mdl with apparently little influence of the naturelof
[94]. This strengthening phenomenon can be assattatan energetically more favorable relaxation of
Co(acac)?2 from square planar to tetrahedral thgadcaa)2(L) from square pyramidal to trigonal bipyidal.
The practical result is a negative effect on thtbaa activation process, portrayed qualitativelyFig. 14
[BDE(R-Co_")>BDE(R-Cd")]. However, it is outweighed by the positive effe further L coordination to
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yield 6-coordinate Co(acag).),, which energetically stabilizes the 'Coomplex, thereby shifting the radical
activation equilibriumyide infra.Analogous calculations on R-Co(acdt) with R = CH(OOCH)CHs and
CH(CN)CH; and with L = AN, DMF and DMSO also show an effettigand coordination, but this is now
modulated by the steric effects: the smaller AMutig shows a strengthening effect, the slightly more
encumbering DMF ligand has a smaller strengtheaffegct, and the bulkier DMSO ligand has essentiadly
effect (strengthening by only 1.6 kcal midbr CH(CN)CH; ; weakenindby 1.2 kcal mof for

CH(OOCCH )CHzs ) [ 104]. These findings are very much in linetlwitrevious work on the vitamin B12
models, where the steric bulk of the axial ligaraswhown to have an important effect on th& -Go
labilization [37,118].

The PVAc model system, CH(OOCG)EHs, deserves special consideration, because thet@éetetion of the
Co-capped monomer unit is suitably placed to sttute coordination sphere of £y chelation. Thus, the
dormant form of the Co-capped PVAc growing chaMAB-Co(acac)2, is not 5-coordinated but rather
6-coordinated, as already illustrated above in E&j.even in the absence of external donor ligahlis.
chelation provides an extra 6 kcal maif stability to the alkyl-cobalt(lll) system, dtet B3LYP level, and
competes effectively with the coordination of thed strongly bonded L ligands, see below [99].

As stated above, the nature of the functional uiséide calculation has an important effect on psses where a
change of spin state occurs. Use of the B3PW91¢tfanal [115], where the contribution of exact exabe is
reduced relative to B3LYP, has the effect of insieg the calculated R-®oBDE by ca. 6 kcal mdion average
(see Table 4), but the relative trend of bond gfitenas a function of R remains unaltered.

Table 5 DFT-calculated Co-L bond dissociation enthalpie®B at 298 K for RC(acac)(L), Cd'(acac)(L)
and Cd (acac)(L), complexe’s

R L BDE (kcal mol-)°  Réf.
B3LYP B3PW91*

RCd" (acac)(L) complexes

CHs H,0 9.9 [94]

CHs NH; 11.7 [94]

CHs NMe; 6.2 [94]

CH, Py 7.7 [94]

CH(OOCCH,)CH:s AN 023 07  [104]
CH(OOCCH,)CH; DMF 6.8 70 [104]
CH(OOCCH)CH;,  DMSO 4.4 38  [104]
CH(CN)CH AN 18 1.9  [104]
CH(CN)CH DMF 9.1 8.7  [104]
CH(CN)CH DMSO 75 6.6  [104]
Ca'(acac)(L) complexest =

AN 4.6 56  [104]
CH.COOCH, 0.3 [94]

NMe; 35 [94]

py 4.3 [94]

DMF 4.3 29  [104]
DMSO 5.9 39  [104]
H,0 5.8 [94]

NH; 8.4 [94]

Cd'(acac)(L), complexest=

AN 1.2 24  [104]
NMe; 3.9 [94]

py 4.4 [94]

DMF 4.7 33 [104]
DMSO 4.6 28  [104]
NH, 12.0 [94]

#0nly bond energies were given forthe bonds redarnteef. [94]. The values reported here are thaddrd enthalpies, obtained by
corrections with the PV term at 298 K.

® With both functional, the calculations were catriit using the 6-31G** basis set for the lightaso(C, N, O, H) and the LANL2DZ basis
set with an added f polarization function for Co.
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3.3.2. Calculations of CeL and Cd'-L BDEs

The Co-L bond strengths studied so far are ligteBable 5. One point worthy of note is that forsddonds that
have been investigated at both B3LYP and B3PWgl& the values obtained do not differ too muchdal
mol ™ at the most) between the two functionals. Thisdisause the ligand binding does not result in agiaf
spin state (S = 0 for the #systems, 3/2 for the Emystems).

The calculations of BDEC0'-L) and BDE(C0'"-L) confirms the experimentally established weaknafsthese
bonds. The BDE(Cb-L) values are slightly greater (for instancé the values of BDE(Cb-L) and BDE(CGd'-

L) for L = NMe; and HO(R=CH;) and for L = AN (R = CH(OOCCEICH; or CH(CN)CH). As shown in Fig.

14, the values of BDE(CbL), BDE,(Cd'-L), BDE(R-Cd") and BDE(R-Cg") are tied together in a Hess cycle.
Thus, the stronger bond of L with &ahan with C8 (BDE;, (Cd'-L)) is related to the fact that the R*£bond

is stronger in the 6-coordinate R-Co(agég)than in the 5-coordinate R-Co(aca@t least for sterically
unencumbering L molecules.

The calculations show that BRECA'-L) is smaller than BDECO" -L) for the unencumbering and poorly

coordinating AN ligand, about the same for liganfisitermediate size (NMepy, DMF) and greater for the
bulkier and more strongly binding DMSO ligand. Ttvends emerge from these calculations: electrautofs
favor ligand binding in the order Co(ac#t) > Co(acacy whereas steric factors show the opposite trend.

Fig. 16.Energy diagram obtained with the B3PW91* functiofwalthe Co-C homolytic bond cleavage and
subsequent L addition in (acaf))Co-CH(CN)CH (L= nothing, AN, DMSO). The values shown are rekti
enthalpies in kcal mdl
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The specific use of the calculated R"Cand C8/"-L bond strength rationalizes rather well the bredtsility of
Co(acac) to control the polymerization of AN in the coordimg solvent DMSO, relative to non-coordinating
solvents (toluene or anisole). As shown in Fig.thé,dormant chain in a non-coordinating solvetiky to be
the 5-coordinated (aca€o-PAN (modeled in the calculation by (ac&n)-CH(CN)CH), since coordination of
AN to this species provides only very small stahilion, probably insufficient to counter the negatffect of
the entropy term. Radical dissociation yields Caa¢ which also does not enjoy stabilization by AN
coordination (both 5-coordinate Co(ac#8N) and 6-coordinate Co(acat)N), have higher enthalpy and
therefore even higher free energy). The radicalpiray process provides 6.7 kcal Malf enthalpic stabilization
but is disfavored entropically. In the presenc®MSO, both the C8and Co" complexes become
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coordinatively saturated, to yield PAN-&@cac)(DMSO) and Cb(acac)(DMSO)2, respectively. In fact, the
latter complex was isolated in crystalline form ah@racterized by X-ray diffraction. Thus, the Py process
involves loss of DMSO from Cl¢acac)(DMSO0)2 followed by radical addition. The enthalgtabilization is 6.6
kcal mol*, very similar to that obtained in the absence MIIID, but the process is now essentially isoentropic
The rationalization of the solvent effect on thiéiation of AN polymerization starting from a PVACe(acac)2
macroinitiator will be addressed below within tHedk copolymer section.

3.3.3. Perspectives for future work

The kinetic aspects of CMRP have not yet been addtk Although the rate of polymerization (Eq. (Bjpends
only on the thermodynamics (equilibrium positiofiftte organocobalt complex formation process, thpging
rate is of paramount importance for insuring lowypcspersities. A trapping process having highdivation
barriers will result in a lower trapping efficienayd thus in a greater accumulation of the actwdécal
concentration, with negative effects on terminatiand polydispersity. Understanding how the natfitbe
ligand and the spin state change affect this trapparrier would be particularly useful for the iopzation of
the reversible deactivation process. For instaasshown schematically in Fig. 17, path (a) yieldswer
equilibrium concentration of active radical andhatér trapping rate, whereas path (b) would yieldeater
concentration of radicals and a less efficientpnag process. Both paths (a) and (b) refer to adialprocesses
without a change of total sp(e.g.when the Co complex has S= 1/2). Path (c) illustrélhe case of a change of
spin, as in the case of the Co(acac)2 system.dm casse, the explicit calculation of the Minimumelgy
Crossing Point (MECP) [119,120] would be necestamvaluate the activation barrier. Calculations on
associative exchange pathways, as shown in Figvd@d also be necessary in order to evaluateftiwemcy
of systems where the degenerative transfer meahgmisdominates. For instance, a system yieldinvyeat

(d) would undergo a slower exchange, and thergfoozer control, than a system yielding pathway (e).

Fig. 17.Qualitative reaction coordinates forthe reversibletivation of an organometallic dormant chain. 8oli
curves correspond to S = O and the dashed cun&=dl.

R-M R---M R +M

Fig. 18.Qualitative reaction coordinate for the associatraglical exchange on an organometallic dormant
chain with low (e) and high (d) energy barrier.

)

R-M + R R-—-M---R R + MR

Finally, a point which is still totally obscuretise role of the metal coordination sphere in deieimg the
aptitude of the complex to yield catalytic chaiartsfer vs. reversible deactivation. This is agdimatic issue,
determined by the relative height of two activatianriers: that for radical trapping to form anamgmetallic
dormant chain vs. that for H atom transfer to fahe hydride complex and a dead chain with an unssd
chain end. A greater degree of understanding offivharameters regulate these two barriers will gividance
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for the development of tailored complexes with sfieooles. In our opinion, the computational t@ain also
help in this direction.

3.4. Improvement of the technology

In order to bring the CMRP process closer to indaisstandards, several questions need to be adtg®.
compatibility of the technique with aqueous dispdrmedia, use of widespread initiators, recovety an
recycling of the cobalt complex. The Co(acac)2 Zliated radical polymerization of VAc was used asleh
to address these challenges.

Most of the radical polymerization processes ardazhout in aqueous dispersed media because @fahe
control of heat transfer, absence of organic sdlged higher monomer conversion. Therefore, the MR
VAc was tentatively carried out in aqueous dispgrmreedia, such as suspension [98,121] and minieamulsi
[98,122], rather than in bulk. In this approachyesal questions appeared obvious, such as the highbr
affinity of the controlling agent (Co(acagfor the water phase compared to the monomertandftect of a
large amount of water available to coordinate thigadt complex. The first problem was tackled byhgsi
preformed PVAc macroinitiator end-capped by cohalitich is sufficiently hydrophobic to locate thebadt in
the monomer phase. Typically, the PVAc-Co(agatycroinitiator was dissolved in VAc prior to disgien in
water. Polyvinyl alcohol) (PVOH, 0.16 wt% in watemd sodium dodecyl sulfate (SDS, 0.9 wt% in watene
used as surfactant for the suspension and the mirsgon procedures, respectively. In the latteecas
ultrasonication was necessary to obtain the namantrbplets, precursors of the latex particlese Th
polymerizations, carried out at 30 °C, always fattal a controlled pathway even at high monomer ccive
(above 75%) and relatively high molar masses (A@®g/mol). However, the molar masses were higiean t
predicted. Interestingly, compared to the bulk,gblymerization rate was high to extremely hightfo
suspension (75% conversion in 70min) and the miaision (90% conversion in 30 min), respectively.
Although the water content in the monomer dropligthincoordinate cobalt and participate to speedipghe
reaction [94,99], such a kinetic effect was demmtstl to be mainly due to a partitioning effest, the
continuous departure of the deactivating speciegd€ac)?2) into the water phase (Fig. 19) [99,124 the end,
micrometric beads and latexes of well-defined PWaee obtained in suspension and miniemulsion,
respectively.

Throughout our work, V-70 has been chosen as iaitfar CMRP because of its low decompaosition
temperature (= 12 h at 30°C), which is compatible with the optim temperature (30°C) dictated by the
thermal lability of the Co-C bond. Within the sdafor a substitute for V-70, redox initiating systeappeared
as an interesting alternative because they aretizffeat room temperature and largely used atritiestrial
scale [123]. Therefore, the CMRP of VAc was ingiat 30°C from a mixture of peroxide (lauroyl paede or
benzoyl peroxide) as oxidant, ascorbic acid asaieduagent and Co(acac)2 39 with the dual roleedticing
and controlling agent. Under these conditions piblgmerization was fast and remained controlledweleer,
the initiator efficiency f(= My /M, exp Was low (0.1 <f <0.25), suggesting that Co(acaalso participated to
the redox initiation. When ascorbic acid was repthby citric acid, the polymerization was muchdasthile
maintaining good control. Substitution of redoxteyss for V-70 underlined the sensitivity of the @omplex
towards oxidizing agents but also emphasized thenpial for a reaction scale-up [123].

Fig. 19.Schematic representation of the VAc CMRP in aqudmpersed media (suspension and
miniemulsion); acceleration of the polymerizatiortie monomer phase by diffusion of the cobalt(ll)
deactivating species into the water phase.

VAc phase Water phase
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Fig. 20.General strategy for supported cobalt-mediated catlpolymerization (SCMRP): (a) Co(acac)
immobilization onto silica or Merrifleld resin; (polymerization involving the supported cobalt@dmplex
followed by metal recovery and polymer purification
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\—’ recovery and reeycling of the cobalt complex

Except when the metal content in the polymer fallthe ppm range, it becomes essential to addnesguestion
relative to its elimination and recovery. Sincd@chiometric amount of cobalt compared to the pwy chains
is intrinsic to the CMRP mechanism, it was of uttriogportance to develop an efficient method forypuodr
purification and for metal complex recycling. Inghespect, thermal treatment of the PVAc-Co(acabgins
with a nitroxide or a thiol at the end of the pobmization was shown to drastically reduce the datzaitent in
the polymer matrix [124]. After homolytic Co-C bontkavage, the released PVAc radical was scavengéue
nitroxide or abstracted the thiol H atom, respetivHowever, although a simple filtration througsilica
column allows the removal of the metal from theypoér matrix, these approaches are not compatitite tive
recovery and recycling of the cobalt complex. Idesrto solve this problem, the cobalt complex waspsrted
on the surface of inert materials [125]. Acetylacet groups were first grafted onto silica or Mégtd resin,
followed by a ligand exchange reaction involving(&mac)in order to immobilize the metal on the support
surface (Fig. 20). Acetylacetone substituted byragthoxysi-lyl group, 3-[3-(trimethoxysilyl)proplR,4-
pentanedione (MS-acac-H), was prepared and condl@msthe surface of a non-porous silica, whereas
nucleophilic substitution of chloride in chlorometigroups by sodium acetylaceto-nate was carrigdasithe
Merrifield resin (Fig. 20a). The supported compkexere then used to control the bulk polymerizatibuinyl
acetate initiated by V-70 at 30°C (Fig. 20b). Theported Cobalt Mediated Radical Polymerization NERP)
of VAc was effective and produced PVAc with relativ narrow molar mass distribution [125]. At thedeof the
reaction, removal of the PVAc chains from the stefgrafted cobalt complex was successfully achidyed
addition of a nitroxide (2,2,6,6-tetramethylpipénioiky, TEMPOQ), followed by centrifugation and reeoy of
the support (Fig. 20b). The successful re-use@btipported cobalt complex was quite encouragitiipuegh
partial metal passivation after each cycle was oesk

Although CMRP is still far from industrial develogmt, all these contributions emphasize the diffiealand
futures challenges for this system and pave theiwthat direction.

3.5. Macromolecular design

Nowadays, the design of novel polymer material$ wiell-defined structures and specific propert&siing at
the development of a large range of applicatichbgicoming an essential aspect of polymer sciéndbis
respect, the contribution of controlled radicalymoérization is remarkable. A large range of polysneith well-
defined molecular characteristics (i.e. length,icfeand, architecture, composition, functionalitic.phave been



Published in: Progress in Polymer Science (2008)), 34, iss. 3, pp. 211-239
Status: Postprint (Author’s version)

made available by CRP under mild conditions [126}1& that context, the ability of CMRP to conttbke
polymerization of difficult monomers constitutes@w opportunity in macromolecular engineering. The
approaches that have so far been explored for phoglfunctionalized polymers, copolymers and mamplex
architectures by CMRP are mentioned below.

Fig. 21.End-functionalization of the polymer chains in CMRP
a-functionalization
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3.5.1. End-functionalization

One major advantage of CRP relative to living igmaitymerizations is its tolerance towards many fiomal
groups allowing the preparation of a large rangelefchelic polymers without using protecting greupypical
examples of end-functionality control for polymerepared by CMRP are depicted in Fig. 21.

Thea-end group is controlled by the initiator structuteganocobaloximes containing various functional
groups, such as phenyl, bromide, hydroxyl, carbaxyl nitrile groups, were prepared and used as
photoinitiators to produce-functionalized poly(acrylates) (Fig. 21a) [65].rkbe EA polymerization initiated
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by 6-bromohexyl (pyridi-nato)cobaloxime, NMR anagsndicated that about 90% of the PEA chains dosda
a bromine atom at thechain end. At the end of the CMRP process, moit@thains are end-capped by the
cobalt complex used as controlling agent. Therefinewell known reactivity of alkyl-cobalt(lIl) coplexes
[130-132] can be used to convert and functionalizepolymerw chain end. A few methods have already been
successfully applied. For example, photolytic tneznt of PEA-Co(DMG)Py) in the presence of bis(p-
aminophenyl) disulfide yielded a poly-acrylate iyl terminal aminophenylthioether function (Figb2[65].
Well-defined polyacrylate macromonomers were olgiéinpon addition of methyl methacrylate on the same
PEA-Co(DMG)(Py) by subsequent radical addition and catalytairc transfer reaction (Fig. 21c) [65]. PVAc-
Co(acac) has also been quenched by various scavengerstigkddf alkanethiol to the polymerization medium
terminates the chains by a proton and alloweddh®wal of the cobalt complex (Fig. 21d) [124]. Sarly,
TEMPO but also functionalized nitroxides (with egd%24], a-bromo ketone and-bromo ester [133] groups)
scavenged the PVAc radicals released by the thebmal bond cleavage (Fig. 21 e). Since the covdlent
between PVAc and nitroxide is strong [18], this rggeh is valid for the func-tionalization of the R¥chains
[124]. Indeed, it is reported that N-alkoxyamindthva heteroelement in tteeposition (0 in the case of PVACc)
present markedly stronger C-TEMPO bond [134]. Afteatment with TEMPO or thiols followed by elution
through a silica column, the cobalt content inpbé/mer, prepared by CMRP, was drastically redu€atally,
addition of functionalized, non-activated olefissch as 1,2-epoxy-5-hexene and 3-butene-1-ol ietitthe
CMRP of VAc leading to the chain end capping byepoxy and hydroxyl group, respectively (Fig. 2118}4].
Following the same principle, fullerenes were sgstdly grafted with poly(vinyl acetate) and poly{iny!
pyrrolidone) (PNVP) chains by radical addition e double bond of thegg(Fig. 21g) [135,136]. An average
number of four chains were detected when a largessxof PVAc-Co(acagcivas reacted with & whereas
mixtures of hanohybrids with different grafting &\(from 1 to 4 polymer chains) were collected whtesn
[PVAc-Co]/[C60] molar ratio was decreased. The vdgfined hydrosoluble and potentially biocompatible
PNVP-C60 and poly(vinyl alcohol)+g(PVOH-G), obtained by hydrolysis of the PVAc ester funcsp
proved able to generate singlet oxygen upon phiitadhgatment, making them promising agents for
photodynamic cancer therapy [135,136]. Interesgingpmpounds containing several cobalt moietieswer
synthesized and used as multifunctional CMRP itaitid=or example, |,6-bis[(dipyridinato)cobaloxirhekane
(Py(dmgH),Co-(CH,)s-Co(dmgh)-Py, 45 in Fig. 22) was used as difunctional phatigitor for the ethyl
acrylate polymerization in chloroform [16,65]. Tresulting PEA i, = 19,000g/molM,/M, = 2.4) presented a
Co-C bond at each chain end, opening the way téotineation of triblocks copolymers. Under similar
experimental conditions, photoinitiators containthgee (CHCH,C[CH,OCOCH(CH)Co(DMG),Py]s, 46 in
Fig. 22) and four (C[CEDCOCH(CH)Co(DMG)Pyl,, 47 in Fig. 22) cobaloxime moieties were used to
promote the synthesis of star-shaped polyacrylatisthree and four arms, respectively [65]. InsheasedW,
increased linearly with the monomer conversionverte lower than the expected valugs U, ¢/Mp exp= 1.25),
possibly due to transfer reactions. Although iteiasonable to assume that all the arms grew urifprm
additional experiments are necessary to confirs¢bnclusion.

Fig. 22.CMRP photoinitiators containing several cobaloximesieties.
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3.5.2.Copolymerization

In the era of nanotechnology, the design of wefirg block copolymers able to self-assemble irklmulin
solution into nanodomains is becoming an imporéapect of polymer synthesis. In that respect, CM&P
already contributed to the preparation of valuaiolpolymers.

Wayland et al. was first to demonstrate the abdit MRP to provide block copolymers [15,73,75, All-
defined PMA chainsM,, = 40,600 g/molM,,/M,, = 1.22) end-capped by (TMP)Co (30 in Table 2) pndfied
from the unreacted monomer were treated wi8hA and benzene. Upon thermal activation at 60°EMa-b-
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PnBuA block copolymer\,, = 131,400 g/molM,/M, = 1.29) was formed (Fig. 23a).[15] Although the
controlled character of the CMRP was indisputalskablished, the range of accessible copolymersongs
remained limited to acrylic monomers. In a simédgproach, a PEA-PnBUA block copolymer (25,800 g/mol)
was prepared by cobaloxime-mediated radical polimagon by sequential polymerization of EA anigluA
upon photolytic treatment (Fig. 23c). The blockwsaging occurred relatively efficiently providedtigrowth
of the first PEA block (7400 g/ma\,./M, = 1.6) was stopped before reaching high convessig60%) [65].
Finally, a mMBUA-b-PEA-b-mBUA triblock copolymer I#1, =33.500 g/molM,/M, =2.7) was obtained by nBuA
polymerization initiated by a difunctional PEA mairitiator (M, = 19,000 g/molM,/M,, = 2.4) obtained from
[,6-hexyl[(dipyridinato)cobaloxime] 45 (Fig. 23d35].

Fig. 23.Synthesis of block copolymers by CMRP.
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As the controlling ability of cobalt porphyrin aredbaloximes has long remained limited to acrylicomers,
the range of accessible block copolymers was otstrias well. An exception is the VAc polymerizatio
initiated by a Co(TMP)-capped PMAM(, = 30,000 g/molM,/M, = 1.11), which led to well-defined PMA-b-
PVAc (M= 85,000 g/molM,,/M,, = 1.21) at low monomer conversion (VAc conversio®%) (Fig. 23b)
[101,102]. On the other hand, the use of bis(aaegtbnato)cobalt(ll) and derivatives significarghjarged the
range of copolymers made available by CMRP. That éifforts were directed to the statistical copayization
of VAc with various monomers, such as acrylate [PByP [137], and chlorovinyl acetate [137,138].ldtgh
acrylates polymerized in a completely uncontrofteshion in the presence of Co(acac)2, random
copolymerization of nBuA with VAc followed a contted pathway (Fig. 24a) [95]. According to thé NMR
study, nBuA was incorporated preferentially in #aely stages of the copolymerization leading toaaignt
sequence distribution in thg PBuA-co-PVAc copolymer. Typically, polydispersitias low as 1.2-1.3 could be
obtained provided that the initial feed had a higkc content (above 50%), indicating that deactivatof the
VAc-terminated radical chain by the cobalt compleas the critical step to control the copolymeriaati

A similar behavior was observed when the statistiopolymerization of NVP with VAc was initiated Bg-70
in the presence of Co(acac)2 39 (Fig. 24b) [13RE $ynthesis of PNVP-co-PVAc with low polydispaest
was achieved in spite of the moderate control oleskfor the polymerization of NVP alone with therea
complex [137]. VAc was also successfully copolyreed with vinyl chloroacetate (VCIAc) by CMRP using
Co(Racac)41 as controlling agent, leading to well-definedA2Mo-PVCIAc copolymers (Fig. 24c) [137,138].
The pendani-chloro ester functions of this statistical copobmwere then used as initiators for the styrene
atom transfer radical polymerization (ATRP) catalyby copper chloride and bis(2-
pyridylmethyl)octadecylamine (BPMODA) providing therresponding PVAgraft-PS(Fig. 24c) [138].
Hydrolysis of the PVAgraft-PScopolymer ester functions allowed releasing thesid8& chains for size
exclusion chromatography (SEC) analyses. The latsfirmed the monomodal molar mass distributiothef
PS segments in spite of a slight tailing towardsltiw molar mass region.
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Since the CMRP method based on Co(acaek not able to impart control to monomers, sichtgrene,
acrylates and methacrylates, the straightforwandhesis of well-defined PVAc-containing block copokers by
CMRP alone appeared difficult. Therefore, CMRP wasbined with ATRP to tackle this problem (Fig. 25)
Typically, PVAc-Co(acac)2 chains preformed by CMR&e end-functionalized by nitroxides containirg
bromo ketone oa-bromo ester [133]. The activated halogen was thsed to initiate the ATRP of styrene,
methyl methacrylate and ethyl acrylate to provite ¢orresponding well-defined block copolymers [13Bis
appeared as a valuable approach to yield thermatyst copolymers, because the nitroxide-PVAc kiend
known to be strong [18]. Indeed, SEC analysis efRWAch-PMMA copolymer before and after thermal
treatment at 180°C remained unchanged [133].

Although efficient, this three-step approach tovgaotbck copolymers is time consuming and the rhallenge
remained to carry out block copolymerization by CRiénly. Therefore, in spite of the poor controlaeed for
the CMRP of styrene, the initiation of this monomexs realized from a PVAc-Co(acac)2 macroinitiatoon
thermal treatment (Fig. 26a). As expected, a PVARSbcopolymer with a well-defined PVAc block andilén
defined PS segment was obtained. MethanolysiseoP¥hAc block led to an amphiphilic PVOH-b-PS
copolymer that was shown to self-assemble into oao® (bowl-shaped vesicles) in water [139].

Fig. 24.Synthesis of linear and graft copolymers by CMRP.
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Similarly, the synthesis of PVAb-polyalkene copolymers was attempted by initiatibethylene and 1-octene
at 30 °C from a well-defined PVAc-Co(acac)2 macit@ior. However, although the initiation of thelypalkene
segment occurred, the monomer conversion was liniit@bout 15% and the length of this second bleak
also quite limited (DP~4) due to the low reactivifythese non-activated monomers (Fig. 26b) [1#@easing
the polymerization temperature to 60 °C did natwltircumventing this problem. Methanolysis of #/éAc
block of these products yielded amphiphilic polytialcohol)b-poly(1-octene). When the copolymerization of
vinyl acetate with 1 -octene was initiated by VidQhe presence of Co(acac)2 or by a poly(vinytaed chain
end-capped by Co(acac)2, vinyl acetate was prefatgrincorporated, such that a copolymer withradjent
structure was formed.
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Fig. 25.Synthesis of PVAc containing block copolymers Ioytioation of CMRP and ATRP.
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Fig. 26.Synthesis of PVAc and PVOH containing block copetgrby CMRP.
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The same strategy was also applied to synthesitedefined PVAch-PNVP by CMRP (Fig. 26¢) [141].

The optimal conditions established for the polymation of NVP from the Co(acaelerminated PVAc were 30
°C in anisole. Under these conditions, all critexi]a CRP process were met and copolymers with a
polydispersity around 1.3 were formed. The amplippRiVAc-b-PNVP copolymers were then easily
transformed into the hydrosoluble and potentiaibcbmpatible PVOHs-PNVP block copolymers [141].

Finally, the same approach was applied to the sgitof PVAcb-PAN block copolymers and the solvent
choice turned out to be crucial [142]. Indeed, wharried out at 0°C in anisole, a slow and incortepieitiation
of acrylonitrile from the PVAc-Co(acacthains was observed leading to block copolymetacomated by
unreacted PVAc. However, at the same temperatlitheaPVAc-Co(acac)2 chains initiated simultandpuke
acrylonitrile polymerization when using dimethylfioamide as solvent, allowing the formation of wedfided
PVAc-b-PAN M,/M,~1.1)(Fig.26d)[142].

The DFT analysis provides a rationalization of fftienomenon. As shown in Fig. 27, the dormant sgdor
the (acac)Co" -PVAc contains a 6-coordinate complex with a cteelg?:0,C) ester function as chain end in a
non-coordinating solvent. AN coordination does p@tvide sufficient stabilization to open this chelecontrary
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to DMF, whereas DMSO provides only weak stabilizatiln the absence of solvent, the (acac)2Co-PVAc
dormant chain must dissociate to tetrahedral Cafj@cavhich costs 13.1 kcal mbin enthalpy, because AN is
not a sufficiently strong ligand to coordinate. &ftonversion of the PVAc radical to a PAN radicglAN
addition, subsequent trapping yields the (acacj2BAN dormant chain, regaining 6.7 kcal moThis dormant
chain is not strongly coordinated by AN, since tivigcess is entropically disfavoured as discussedgrevious
section. The comparison of the enthalpies invol{d&i1 kcal mot for the activation of (acag}o-PVAc vs. 6.7
kcal mol* for the reactivation of (acag)o-PAN) shows that crossing over from a PVAc blaxk PAN block
yields slow initiation in a non-coordinating sol¢eim agreement with the experimental observatio®dMSO
or in DMF, on the other hand, the activation of thgacac)Co-PVAc dormant chain (yielding in these cases
Co(acac)(L),) requires an enthalpy only marginally greater ttrenreactivation of the subsequent (L)(ag@o}
PAN dormant chain. In DMF, the radical activatiaqu#ibrium has an enthalpy of 10.8 kcal mdbr the Co-
capped PVAc vs. 9.2 kcal mbfor the Co-capped PAN, whereas in DMSO these wadue 7.1 and 6.6 kcal
mol ™, respectively. Thus, crossing over from a PVAcklt a PAN block is more efficient in the coording
solvents, particularly DMSO where these two entigglare more similar. The main reason for thisedéhce is
that coordinating solvents are able to compete thighinternal stabilization provided by the chelgtester
function for the PVAc dormant species, whereas?Adl dormant chain has no mechanism available teriial
stabilization. It can also be observed that thevatibn is energetically less costly in DMSO, leaglio faster
polymerization, which agrees with the experimertatience.

It was also demonstrated that these P\WA2AN copolymers are interesting precursors for h@OH-
containing copolymers, such as hydrosoluble PM®IPIAA [142] and amphiphilic PVOH-PAN [143].

The former resulted from hydrolysis of both thesesind the nitrile functions with potassium hydoexin
ethanol/water at 75 °C (Fig. 26e) whereas therlaites obtained by selective hydrolysis of the efstection of
the parent PVAc containing copolymer (Fig. 26d)e T responsiveness of the PV®HRAA copolymer was
demonstrated by Dynamic Light Scattering pH titratj142]. Finally, controlled pyrolysis of polymeri
micelles, made from the self-assembly of PVB{RAN block copolymer in water and deposited ongiliaon
wafer, led to carbon nanoparticles [143].

Fig. 27.Energy diagram obtained with the B3PW91* functiofmalthe Co-C homolytic bond cleavage in
(acac)Co-CH(CH3)(OCOCH) and subsequent trapping of the CH(CN)}C&dical in the presence of different
neutral donors (L=AN, DMF, DMSO). The values shas relative enthalpies in kcal mbl
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4. CONCLUDING REMARKS AND PERSPECTIVES

Considerable progress has been made in the lastieée the field of controlled radical polymerizati(CRP)
and the design of well-defined polymer architectugmong several CRP techniques, cobalt-mediatidah
polymerization (CMRP) distinguished itself by itsildy to mediate the polymerization of monomersvefy
different reactivity, such as vinyl acetate andyltes. This specificity justifies efforts currgntievoted to the
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improvement of this CRP method and those basedeatallic species in general.

This review condenses and comments all the worle o CMRP since its discovery 16 years ago. In samm
it allows a controlled radical polymerization ofr@éc esters, acrylic acid, vinyl esters, acryloifét and
vinylpyrrolidone, leading to the corresponding wedifined polymers with predictable molar masses.

One interesting characteristic is the possibilityarget high molecular weights (above 200,000 §imsome
cases) with good control at high conversions. Aap#triking specificity is the low polymerizatioerhperature,
ranging from 60 °C in the case of acrylates mediatecobalt porphyrins, to 0°C for acrylonitrile time
presence of Co(acac)?2.

From the mechanistic point of view, CMRP processlbag been considered to occur only by reversible
deactivation of the growing chains by the metalateker the nature of the cobalt complex and the®xgntal
conditions. More recently, the contribution of thegenerative chain transfer mechanism has beenasizpl.
Mechanistic studies have also highlighted the elucile of additives, especially in the case ofdgag)2.
Indeed, addition of Lewis bases, such as wateidiog, dimethyl-sulfoxide and dimethylformamide pehle of
coordinating the cobalt center, deeply modifiesahain activation equilibrium and drives the pracesvards
the reversible termination mechanism.

To date, the main classes of cobalt complexeshdnag shown activity in CMRP are cobaloximes, cobalt
porphyrins an@-diketonato derivatives of cobalt(ll). The firstaviamilies are particularly efficient mediators
for the acrylic esters and acrylic acid polymeiizas whereas the last category has so far beemw frsucontrol
the polymerization of vinyl esters, acrylonitrilacavinylpyrrolidone. These observations emphadiaé¢ the
success of CMRP largely depends on the choiceeafiinomer/cobalt complex couple.

As it stands today, the field still faces many &ades. First, it is crucial to enlarge the syrithpossibilities of
the CMRP and to fine tune both the experimentatitmms and the cobalt complex structure in ordecdntrol
more monomers, such as styrenic derivatives, is@pretc. Computational chemistry might be used as a
predicting tool in the quest for the adequate dot@hplex/monomer couple or for a controlling agast
universal as possible. This is all the more rdalshce DFT calculations have already proved thktyato
rationalize experimental observations based orewatéuation of the Co-C bond dissociation enthaBRE) and
the relative stabilization ability of several nalittonor molecules for the cobalt(ll) "persisteadical”. In future
endeavours, the kinetic parameters, especiallyethelated to the radical trapping and H-transfecesses, must
be investigated and combined to the already aveikiiermodynamic data in order to approach theesysts a
whole. The future implementation of CMRP to othe@mmmers should considerably enlarge the macromialecu
engineering possibilities. The potential to syniesiovel block copolymers and more complex archites

has been highlighted in this review. The main diffiy consists in finding a cobalt complex abletmtrol
different co-monomers in order to obtain copolymeith well-defined sequences. A valuable approatieady
proven successful for the synthesis of well-defiR&hc-b-PAN copolymers, consists of tuning the cobalt
reactivity on going from one block to the next apen introduction of additives with coordinatingwer. This
innovative approach clearly highlights the verggtisf CMRP and evidences its potential for acasgsiew
copolymers.

The second challenge consists of bringing the teciencloser to industrial standards. As descrilbethis
review, a few approaches have already been enegidfor example, the CMRP has been successfulliedpp
in aqueous dispersed media, such as suspensiomsimiednulsions. However, questions relative torénovery
and the recycling of the cobalt complex, used igdaamounts in the polymerization, remain pendimdj izeed
to be addressed. Immobilization of the cobalt caxmin an inert support has already been tested with
encouraging results. Such an approach certaingrdes further efforts to improve the process edficy and to
preserve the complex activity through multiple redeg.
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