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We wish to report a new living free-radical polymer-
ization of exceptional effectiveness and versatility.! The
living character is conferred by a readily available class
of organic reagents (1) and is simple to perform. The
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4 Z-Ph, R-CHPh 8 Z-Ph, R=C(CH,)(CNICH,CH,CH.OH
§ 7=Pn R-C(CHJ(CNICH,CH,CONa 8 Z-Ph, R=G(CH,)(GNJCH,CH,COH

mechanism involves Reversible Addition—Fragmenta-
tion chain Transfer, and we have designated the
process the RAFT polymerization. What distinguishes
RAFT polymerization from all other methods of con-
trolled/living free-radical polymerization is that it can
be used with a wide range of monomers and reaction
conditions and in each case it provides controlled
molecular weight polymers with very narrow polydis-
persities (usually <1.2; sometimes <1.1).

Living polymerization processes offer many benefits.
These include the ability to control molecular weight
and polydispersity and to prepare block copolymers and
other polymers of complex architecture—materials which
are not readily synthesized using other methodologies.
Therefore, one can understand the current drive to
develop a truly effective process which would combine
the virtues of living polymerization with versatility and
convenience of free-radical polymerization.?~* However,
existing processes described under the banner “living
free-radical polymerization” suffer from a number of
disadvantages. In particular, they may be applicable
to only a limited range of monomers, require reagents
that are expensive or difficult to remove, require special
polymerization conditions (e.g. high reaction tempera-
tures), and/or show sensitivity to acid or protic mono-
mers. These factors have provided the impetus to
search for new and better methods.

There are three principal mechanisms that have been
put forward to achieve living free-radical polymeriza-
tion.25 The first is polymerization with reversible
termination by coupling. Currently, the best example
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Scheme 1

monomer
Ret A-X ——= R-(Mjp+ A-X

i i

R-X + As A= (My-X+ A

in this class is alkoxyamine-initiated or nitroxide-
mediated polymerization as first described by Rizzardo
et al.%" and recently exploited by a number of groups
in syntheses of narrow polydispersity polystyrene and
related materials.*®

The second mechanism is radical polymerization with
reversible termination by ligand transfer to a metal
complex (usually abbreviated as ATRP).21% This method
has been successfully applied to the polymerization of
various acrylic and styrenic monomers.

The third mechanism for achieving living character
is free-radical polymerization with reversible chain
transfer (also termed degenerative chain transfer?). A
simplified mechanism for this process is shown in
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Figure 1. Molecular weight distributions for poly(styrene-
co-acrylonitrile) polymerized by heating styrene and acryloni-
trile (62:38 mole ratio) at 100 °C in the presence of cumyl
dithiobenzoate (2) (0.0123 M) after 4 h (M, = 20 100; M./M,
= 1.04), 8 h (M, = 33 000; M\/My = 1.05), and 18 h (M, =
51 400; Mw/M, = 1.0T—the final time point corresponds to the
last entry in Table 1). The molecular weight distribution for a
similar polymerization performed without cumyl dithioben-
zoate is also shown (control M, = 424 000, M./M, = 1.70).
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Figure 2. Evolution of molecular weight (polystyrene equiva-
lents) and polydispersity with conversion during polymeriza-
tion of MMA (7.01 M in benzene) performed at 60 °C in the
presence of cumyl dithiobenzoate (2) (0.0111 M) and with
AIBN (0.0061 M) as initiator (the final conversion point
corresponds to the first entry of Table 1).
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Table 1. Molecular Weight/Conversion Data for Polymers Formed by Polymerization of Various Monomers in the
Presence of Dithio Compounds?

monomer(s)” dithio compound initiator® time - o convn®

((concn (M) in solvent 7 °C)) (concn (M) M x 107?) (concn (M) M x 109 (h) M4 Myl M, (%)
MMA (7.01 M benzene, 60) 2 (1.11) AIBN (0.61) 16 56200 1.12 95
MMA (7.48 M benzene, 60) 2 (1.00) Bz,0, (0.40) 16 47100 1.04 78
MMA (7.01 M MEK, 60) 2 (14.7) AIBN (3.05) 24 6300 1.19 90
MMA (7.01 M benzene, 60) 8(1.13) AIBN (0.61) 16 55300 1.05 92
BMA (emulsion, 80)f 2 (f) ACP () 2 57700 1.22 95
DMAEMA (2.54 M EtOAc, 60) 9 (0.72) ACP (0.17) 16 21500 1.13 62
BA (3.30 M MEK, 60) 7 (3.40) AIBMe (0.09) 2 6100 1.17 50
BA (2.79 M benzene, 60) 4 (0.16) AIBN (0.03) 8 92700 1.14 40
AA (2.92 M DMF, 60) 3(0.21) AIBN (0.04) 4 13800 1.23 18
styrene (bulk, 110) 2 (2.94) thermal? 16 14400 1.04 55
styrene (bulk, 110) 2 (0.49) thermals 16 88200 1.16 57
StySO3Na (1.21 M H0O, 70) 5 (1.66) ACP (0.42) 4 80004 1.13 73
vinyl benzoate (bulk, 150) 6 (3.49) AB (0.02) 48 3500 1.29 121
MMA/HEMA/ (4.62 M EtOAc, 60) 2 (1.11) AIBN (0.61) 16 28000 1.21 757
Styrene/AN* (bulk, 100) 2 (1.23) thermals 18 51400 1.07 71
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* XpPNopomorovvtal anoKkAEIeTIKG Cavloyovikovg eotépes (xanthates, ZOC(=S)SR)
0¢ avtiopactipra petagopas arvoidag (Chain Transfer Agent, CTA)

* H teyvuc) RAFT apika osv giye mepropiopovg g npog to CTA, ardrd, pe v
Tapodo TOV YPOVOVL, TOVTICTNKE pE TN Ypnon ondswavlpaKik@Ov evOGEQV
(thiocarbonylthio compounds, ZC(=S)SR)
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Figure 1. Published items per year (a) and citations per year (b) on “RAFT polymerization” and “reversible addition—fragmentation chain transfer
polymerization” (source Web of Science, March 2017).




RAFT Architectures

A wide range or architectures can be formed by choice of RAFT
agent and sequence of monomer additions or by self assembly or ...
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RAFT:
a process for making better polymers

There are commercial applications in a wide range of
industrial and consumer products including polymers for:

® drug delivery

¢ biomaterials

¢ personal care

¢ agrichemicals

¢ industrial lubricants

¢ adhesives and dispersants

® paints

e electronics



RAFT IoAvpepropnog
[TAcovekTnuaTO:

e IkavOoTnTa,  €AEYYOL  TOL  TWOAVUEPIGUOD  TOV  TEPLOGOTEPOV  LOVOUEPDV
moAvuePILOUEVOV UE TOALUEPICUO plLov. Avtd meptlauPdvouy (ueb) akpvAKong
eotépec, (ueB) oaxkpvAauioln, akpvAovitpiAlo, oTLpeEVIKG — povoueprn,  N-
BivvAomuppoAldOVn Ko O1€EVIOL.

* XTEVN] KOTOVOUT) UOPLOK®OV Popdv Kol OuvatdTNTo GYNUOTICUOD  TOADTAOK®V
LLOKPOLLOPLOKMOV OO LMV.

* Eival epuktn) n ovvBeon molvuepov peyarov MB.
* AtleCaymyn TV TOAVUEPIGUMV GE VOUTIKA 1] TPOTIKA LECA.
* EvkoAio vAomoinong kot aveECoon o€ oyEon UE avTayoVIeTIKEC uebooovg (m.y. ATRP).

* To puopo petagopag oivoiooag (chain transfer agent, CTA), pmopei vo opdoel o€
ueyaro evpoc Bepuokpaciwv (20-150 °C).

* Metd 10 TEAOG TOL TOAVUEPIGUOV, TOL EVEPYA AKPO TOUPAUEVOVY GTO TOAVUEPES OTOTE
oavtd umopel vo ypnoiporomnbel wg macro-CTA xai pe o1000)IKn mpochnkn
LOVOLEPMV UTOPOLY VO, GYNUOTIOTOVV KATA GLUGTAOES CUUTOADUEPT] KOl YEVIKA
TOAVTTAOKEC LOKPOUOPLOKES OLPYLTEKTOVIKEG.




RAFT IloAvpepropog

MelovekTnua:

* Eivar amapaitntn n  emAoyn tov koataAiniov CTA vy kdOe
TOALUEPIGUO  (LOVOUEPES, OKPUIEC OPUCTIKEC OUAOEC, GLVONKEC
avTiopaong).*

* Evooelg Beiov.

e 20vOeomn avtwpactnpiov CTA (amdivta kabapd, Alyo owebEéocipuo oto
EUTOP10).

* ApyéC avTIOpAGELG.



Mechanisms for Reversible Deacativation
Radical Polymerization (RDRP)

Stable radical-mediated e o vow
radical polymerization T
(SRMP) , .
activepolymer P, + X' = ~ P,—X
e.g., hitroxide-mediated T AROR: SO
radical polymerization U P
(NMP) monomer
dead polymer

=% : ¢ dical T calalysl

om transfer radica sclivepolymer P: + MR « - P—X o+ M

polymerization (ATRP)

U dormant polymer
monomar

Control through persistent radical effect



RDRP Mechanisms

Radical polymerization with dead polymer dead polymer
degenerate chain transfer 1‘ T donmant polvmer
e.g. tellurium mediated activepolymer Pn + Ppn X o——=a Py, + P;—X

polymerization (TERP) U U
monomer monomer

lodine transfer
polymerization (ITP)

dead polymer B 7 dead polymer

Reversible addition- T dormant polymer | dormant polymer T
fragmentation chain active polymer Py 4 Pp—X <& [Py~ X—Pp ==

P, + P,—X
transfer (RAFT) U
monomer o — manamar




Kvupw owa@opa Tov RAFT og oyxéon pe tov
ATRP/NMP

*H aviamtoén ¢ aivciooac Paciletor 6T CLVEPYOTIKN UETOPOPN
aALGIOOC UETACD TOAVUEPIKOV OAVGIOMV (OUOPIOKEC OVTIOPACELS)
avTl NG avaoTPEYIUNG GVCEVENC PILOV (LLOVOULOPIOKEC AVTIOPAGELS).
‘Etol, 0 éleyyog otov moivuepicud RAFT oev emtuyydvetal nEcm tov
Persistent Radical Effect.



Mnyavienog IloAvpepropnov RAFT
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RAFT Polymerization Mechanism
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GTAO10 TNG KLPIWC 160PPOTIOGS TNV 1010 GTIYUY).



RAFT Polymerization Mechanism

* To 6tAd10 Tpoicoppomiag opileTar MC 0 YPOVOS TOL OTALTEITOL MGTE OAES Ol
piCec (R*) va avtwpdoovv pe 10 CTA vy vo oynuoticoov Tig
avVaTTTVCOUEVEC aALGIOEC Py, Kal 01€meton amd Ti¢ 4 otabepic Kyga, K—qdds
kg ko k_g oniaon puexpt vo avtiopaoel 0Ao to CTA.

* O1 puBuoi TpocsHNKNC Ko amdoTacnS TOV PLLOV TPETEL VO Elval Yp1yopoL,
€101 MOTE Vo Eacpariletal 1 ypnyopn Katovaimon tov CTA ko ypryyopn
1GOPPOTLO AVAUESO OTIS EVEPYEC KOl OLVEVEPYEC EVIDGELC.

* [0 va euvoeiton 1 TpocHnkn piCac mpémel N ouddd -Z vo. EVEPYOTOIEL TO
oeoud C=S (va guvoolvtal ONAaoN Ot avTIOpAGEIC TPOGONKNG), Kol Yo Vo
govvoeltol 1| amoomoon e piCag R* mpemel o oecuog S-R va gtvar acOevig
Kot N oudoa -R va glval pio KOAM®G OUOAVTIKA OmTOY®POVGo OUAON, Kol M
piCa R* va umopel va, ekKivel Tov moAvuePIGUO.



Reversible Addition-Fragmentation Chain
Transfer Polymerization

RY + sﬁ/s—ﬁ2 —= R, s\l,/s—R2 — R; s\fs + R,

Ph Ph Ph

RAFT agent R,= e.g. cumyl (-C(CHs),Ph)

* Edv n mopandveo otadkacio copfaivel mapovsio povouepove tote AaupPavel yopa
TOALUEPIGUOC.

0O akeyxog eCacparleTal eﬁocmocg TOV OTL 1 ocqupaGn TOV Slﬁetoecrapa ue ™ piCa
R, * elvoar moAv mo ypnyopn amd TN Old0cT, OTMC €ivol Kot 1 OLOIKAGIOL
olacTaong yuo Ty mapaymyn R,*.

* I'iveton ypriom O10E10EGTEPOV DOTE VO TTOYLOEVLTOVV Ol OVOTTTUGGOLEVEC ptCag
avTIGTPEYUA. O TOY10€VHEVES PICES YPTYOPO OLAGTMOVTOL OGTE VO GXNHOTICTEL Lia
OLOPOPETIKT] AAKVAIKN piCa Ko po veéa Evaon Oeiov.
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Figure 2. Schematic representation of the RAFT process. Two radicals (I) are introduced in a system containing ten monomers (yellow) and five
RAFT agents (red R-group and blue Z—C(=S)S-group). Polymerization leads to seven chains comprising two dead chains and five living chains.
The livingness of the system L (%) is therefore 5/(5 + 2) X 100 = 71%. Note that dead chains may have the R-group as a-end, and conversely the
living chain may carry the radical functionality I as the a-end.




LANNATIKY] TAPACTACT] TOV TOAVUEPIKAOV CAVGIOQV
ne roAvpepropd RAFT

Gpauoua "ZCS," R "w" "Akpo Tou CTA
ATIAPXNTI 7 s AOVEGVOUTEC MakpopIlEC
ceeeonseresen
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Yroloywopnog Mopraxkov Bapovg

IM]oMywp
[CTA]

Mn,th — + CTAMW (1 2)

M |.vM
M, = MlopMy, + Mcra

" lCTAL + 2[1, (1 — e—’cdf)( I — i)

2

Onov My m opylkn OVYKEVIPMGOTN HOVOUEPOVS, My, TO upoplokd Papog tov
LLOVOUEPOVG, P €IVl | UETATPOTT] TOV LOVOUEPOVC, CT Ay N apyIK) GLYKEVIPOGT TOV
CTA xou CT Ay €ivon 10 poprakod Bapog tov amapynt).



R,, Tayvmmta IloAvpepropov, L “livingness™

fka[l]oe *at

* R, = kp[M]\/ 2

k,,: propagation rate coefficient, [M]. monomer concentration, f: initiator efficiency,
k4. decomposition rate coefficient of the initiator, [I],: initial initiator concentration,
k;: termination rate coefficient

[CTA]y

° L — 7
[CTA]o +2f[I]o (1—e~*4t) (1-55)

* f=initiator efficiency, the term (1 _ L represents the number of chains produced in a
3% > P p

radical—radical termination event with fc the coupling factor (fc = 1 means 100%
bimolecular termination by combination; fc = 0 means 100% bimolecular termination by

disproportionation).



HHolvpepropnog RAFT

* YUUTEPUGUATIKA, OO TPOKTIKNG TAELPAC, £VOC OTOTEAECUOTIKOG
moAvueptonoc RAFT amoutel vynAn toydtnto GYNUOTIGUOV POV
(kg) M/xar vynAn toydmta moAvpeptouod (ky). Yynin tayovtnto
TOAVUEPIGUOV GUVETAYETOL WKPOTEPOLS YPOVOLE TOAVUEPICUOV T
YOUNAOTEPT] GCULUYKEVTIPWON omapyntn Yoo vo  emtevyfel mAnpnc
LLETOTPOTN).
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Mechanismef AL Daliuseadicnkios

The RAFT equilibria are chain transfer reactions.
Radicals are neither formed nor destroyed. Ideally the
polymerization kinetics are similar to those in
conventional radical polymerization

initiation
- a M M e
initiator —— |I* — — n
reversible chain transfer initialization
P’ +X_ X-R Kaa p—x_. xR _K8&_ p—x__x +R°or pre-equilibrium
4 i K.add (i kg 44 k.M
Y 2 Z z k
\M/ o
t reinitiation P
(Y
\E/ propagation
chain equilibration main equilibrium
/Pm‘ : XYX_PH —_— Pm_xﬁxx_Pn —_— Pln_x\r//x i Pn
4 7
KIEI | / M /propagation
termination
P,* + P, —— dead polymer

k B i

Q= GUVTEAEGTNG
K_addtkp .
OLOYWPLGLOD, ekppacer 1
TPOTiUNOoN NG evolaueong piCog va
OlOOTOCTEL  OTAL  TPOWOVTOL M va
EMOTPEYEL  OTN  KOTACTOON — TMV
AVTIOPOVIWV.

[0, éva amotelesuotiko RAFT, o (g
TpEmEL val lval LeyoAtepog amo 0.

EVD) |, O CUVIEAEOTNG  UETOPOPAG
Ct,ﬂzf TPEMEL VAL ElvaLl TOVAAYLIOTOV

10. ker = kagq®
Ta kardtepa CTA €xovv:
10 < G- < 100

k
k..=k B
tr add k[>’+k—add




Generic RAFT Agent

..... B p LS = | 1l LS ¥ Ll =411k

Monomer inserted into . .
N R is free radical

weak single bl:nn:l leaving group (R.)
X=5 X vx_ﬁ_.r—"’"" It must be able to
| e | reinitiate
Reactive 7 polymerization
double bond A

Z modifies addition and
fragmentation rates

* H ocvykevipoon tov CTA mpemer va glval

OPKETA UEYOAVTEPT] GE GYECGN UE  TOVL
amopynt (AIBN ~5-10%).

2TNUOVTIKT] TOPALUETPOS YL TV ETIAOYT] TOV
CTA ¢€vou 1  embBounm  toyvNTQ
moAvuepiopov. To avTiopacTNplo LETAPOPAC
Oev mPEMEL Vo KaBvoTEPEL TOV TOALUEPIGUO
KOl OEV TPEMEL VO CEKIVA TOPATAEVPEC
avtpacelc. Ta aviopactiproa CTA pe moid
ueyain Cq (>100) eivon emppenn oTig
TOPATAEVPES OVTIOPAGELC.

Eniong, mpemer va AauPdvovror vrdyn ot
GLVONKEC TOALUEPIGUOV KOl T OLAVTOTNTA
t0v CTA o710 otoAvTn mov Oa ypnoiuomombel
KoOm¢ ko Tar popraxd yopaktnpiotikd (MB
Ko Kotavour) MB).

Télog, To avtopaoctplo CTA givon owtd OV
Do 0mGEL TIC OPAGTIKEC aKpaiec OUAOEC GTO
TOALUEPEC.



Hapayovreg vasvOuvor yia emppaovveon
(Inhibition Period)

* Apyn 01dGTTOIGT) TOV ATOPYNTY).
* Apyn emavekkivinon ano Tig anoPairloueveg piCeg R*.

* Exdextikotnta tov amoPairopevov piCov R* va evowboov ue to RAFT avtiopactipilo
TOPA LLE TO LOVOUEPEC.

* ExdextikOTnta tov avantvcouevov piCov P* va evowboov pe 1o RAFT avtiopacthpilo
TOPA LUE TO LOVOUEPEC.



Apactikotnta CTAS

R—S._ ;}5 > R S s > R—sh ﬁE -2 R_SH S

T T T

R1 SR, OR; N

dithioesters trithiocarbonates xanthates dithiocarbamates
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Croen s
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Eniopaocn tov —R ot opactikotnta Tov CTA

Apparent Chain Transter Constants

II.. ..-\_I- | I '-\-,_.'H.I_ .

Ll ) I AL

S S—R Raft agent C,at80C

R = C(CH;),CN* 13

R = C(CH;),Ph* 10

Ph R = C(CH,),CO,E! 2
R=C(CH,),CH,C(CH;); 0.4
with R = CH(CH;)Ph 0.16
Styrene monomer E. = C(CH;); 0.03
R = CH,Ph 0.03

* Dependent upon initial concentration of RAFT agent

* To -R e TOLG TEPLGGOTEPOVG
VTOKOTAGTATEC oTtabepomolel KaAdTEPL Ui
piCa  omote 710 Oaviictoyyo CTA €yel

LEYOADTEPO GLUVTEAEGTN UETAPOPAS Cppr KOl
V0L TI0 ATOTEAEGUATIKO (LEYOADTEPT KR ).

H oudoa -R mpémer va eivar pio Koo
OUOAVTIKA OmToY®PoLoH OUdod, OmdTE 1
evolaueon piCa 2 vo TpoTiud vo OloTOoTEL
wpoc Vv piCa -R*. Avtd onuaivel mwg 1
otobepd kg mpémel va givar peyaAn kot o
0eclO¢ S-R acBevnc.

H -R ¢ eAebBepn pila mpémel va umopet va

EKKIVNGEL TOV TOAVLUEPICUO, OnAaon k; >
k.
p



Mnyavienog IloAvpepropnov RAFT
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Effectiveness of RAFT Agents SYS—R

Strong dependence on R substituent Z
CH3 CH; H CH, CHy CH, CH, H CH, H H

R: [-CN~ [-Ph> |-Ph > |-COORt >> [~CH|-CHy ~ |-EN~ [-Ph > [-CHs ~ [-cNI~ |-Ph
CHy CHy CN CH, CHy CHa H CH, H H

methacrylates g ’
methacryamides
h styrene, acrylates, acrylamides a ’

Transfer constants decrease in the series where homolytic leaving group R is
Tertiary >> secondary > primary

where a-substituent on R is CN ~ Ph >> CO,R >> alkyl

where chain length of R is > 2 >> 1 (significant penultimate unit effect)



Apparent Chain '1‘1'51!{15&11‘ Constants
Cy = Ky/kp Where Ky = Kaaa ’

K.aaa + Kg
seful Raft agents have Ctr > 2

Impact of Z substituents on reactivity

. S—CH, Raft agent C,at80C
\\/ Z=Ph 26

Z Z = CH, 10
“.i.[h Z= OclﬁPﬁ 2.3

Z = QPh 0.72

Styrene monomer 7 = NEt. 0.01

. o= — 8
k—add+kﬁ
exQPACel ™ mpotiunon g evoldueons piCog
VO, OI0IGTIOGTEL GTO TTPOLOVTA 1 VO EMIGTPEYEL
OTN KOTAGTOCT TOV OVTIOPOVTMV.

GUVTIEAEGTNG  OLOYWPLOUOV,

* [o éva amotelecuatikd RAFT, o ¢ mpenet
vo,  givar  peyoAvtepoc oamd 0.5 evo o
_ktr

GUVTEAEGTNG UETOUPOPAC Cppr r TPEMEL VO,
p
etval tovAdytotov 10. ke = kggq @

* Ta xarvtepa CTA €xovv 10 < Gy, < 100.



Types of RAFT agents

Ph

Dithiobenzoates S S CH,
* Very high transfer constants CH,

* Prone to hydrolysis

e May give retardation when used in high concentrations

Trithiocarbonates
e are readily synthesized
¢ high transfer constants (effective with activated monomers, e.g.,
acrylates, styrene)
Cﬂ"‘u

* give less retardation and are more hydrolytically stable (than
dithiobenzoates)

1:"'35

Xanthates F

e lower transfer constants o
e more effective with less activated monomers, e.g., VAc, NVP

* Made more active by electron-withdrawing substituents E E

Dithiocarbamates / F
b g . S S
* Activity determined by substituents on N Y

N
P
Macromol. Symp. 2007, 248, 104-116 P CH; i\ /



Avo Katnyopiec Movopepov

More Activated Monomers

* (Meth)acrylates
« (Meth)acrylamides
« Styrenics

L ess Activated Monomers

« Vinyl Esters
« Ethylene
* N-Vinyl-Pyrrolidone



Avo Katnyopieg Movoupepav

* Ta meEPIGCOTEPO EVEPYOTOINUEVA LOVOUEPT) EIVOL EKELVA, GTO, OOl O
OITAOC 0EGUOG TTOV TTPOKELTOL VO OLVOIEEL Y10, VL YIVEL O TOAVUEPIGUOG
GUUUETEYEL OE TOAAEC OOUEC GLVTOVIGUOV OTOTE Ko 1] avticToyn piCo
O cuuUETEYEL GE TOAAEC OOUEC GLUVTOVIGULOV, Do amevTomiCeTal, Kol Oa
yivetal atafepotepn).

* 'ET0ol, T0 TEPIGGOTEPO EVEPYOTMOUNUEVA, LLOVOUEPT) OGVTIIGTOLYOVV OE
otafepOTEPEC APU MYOTEPO OPUGTIKEC Pilec MOV EYOVV LIKPOTEPT
kovotnta vo evewboouv pe to CTA kot to avtibeto.

*'Eto1, ov meprocotepo opactikoi CTA eivar katdAAnAol yioo TOV
TOAVUEPICUO TOV “TEPIGGOTEPO EVEPYOTOMNUEVOV LOVOUEPDV OTMC
GTVPEVIO, Brvoromupuoivn, AM, kot MMA.



Effectiveness of RAFT Agents SYSR

Strong dependence on Z substituent Z

Less active RAFT
agents provide little or
poor control over the
polymerization of MAMs

More active RAFT
agents retard or inhibit
polymerization of LAMs |

I More Activated Monomers (MAMs) I > Less Activated Monomers (LAMS)

el

Z: Ph >> SMe > Nij:: N‘Me- hle::-:-N)\'j >Q0OPh >QEt~ N -I'\I'MBE:-N(E‘I}Z

) C)
« | [swichavie raFT Agent | [Is.]

NH* N

vinyl acetate
h methacrylates ﬁ « N-vinylpyrrolidone #

N-vinylcarbazole

_ styrene, acrylates, acrylamides llllli @ B N *




AWQypappa Yo TNV ETA0Y £VOS AVTIOPAGTIPLOV HETAPOPAS

0
"'\-\.___
Z: Ph >> SMe > N/\;l > NV Me > Nij - OPh - OEt - n-M& _ n-Me N(EY),

) )
N | >
N N

NH
h MMA, HPMAM > <——— VA, NVP,NVC —------ -
< St MA AM,AN ——— N

CH, CH, H CH, CH, CH, CH, H CH, H H
R: [~CN - [~Ph> [—Ph> -COOEt>> [—CH,~—CH, ~ [~ON ~ [~Ph> [—CH, ~ [-CN ~ |—Ph
CH, ©CH, ON  CH. CH, CH CH, CH, CH H H

<«— MMA, HPMAM ——— - === =~ >

« St, MA, AM, AN >
€ VA, NVPNVC ey




Apactikotnta CTAsS

Ta televtaio ypoOvia xel avamtuyOel po véa katnyopio evoiraccopevov mopayoviov RAFT (CTA) mov
Baocileton oe o évoon oBstokapPaptdtkod eotépo, 1 omoion pmopel va mpotovimbel aviioTpentd,
aAAalovtag pe avtd Tov TPOTO TN 6TafEPHTNTA TNG NAEKTPOVIOKTS OLOUOPPM®STC TOL OTho¥ decpov C=S.

IV avtd 10 6KOMO, GuVTEON KAV 018e10KAPPaUIdOIKA TTOV PEPOVY EVaY TLPLOVIKO OUKTOALO GUVOEDEUEVO LE TO
KopPodko almto. Otav 1o mupdvikd dlmto eival TpOTOVIOUEVO, AALALOVY Kot 01 NAEKTPOVIOKES LOTOTNTEG
TOL KopPBaptkov alntov.

2INV TPOTOVIOUEVT] LOPPT], O TTOPAYOVTAC UETAPOPAS Elvol KOTAAANAOS Yol TOV EAEYYO TOL TOALUEPIGLOD
(LEB)aKPLAIKOV TOHTOV LOVOUEPDY KOl GTUPEVIOV, EVHD GTN UN TPOTOVIOUEVT] KATAGTOCT] Y10l TOV TOAVUEPIGLO
Hovouep®v 0nm¢ oEkoc Prvureotépac 1 N-Brvvodomvppoiiddovn (NVP).

Avt) n 1010 Ta elvor TOAD oNUaVTIKT KOOOC EMTPETEL TOV TOAVUEPICUO OAMV TOV LOVOUEPDY aVEENPTIITOV
NG OPACTIKOTNTOC TOVG KOOMG Kol TNV TOPOCKELT] OCLOTANIKOV GUUTOAVUEPDOV OO LOVOUEPT HE
OLOLPOPETIKES OPUCTIKOTNTEG.

© S =
o) S )L @)L R
g ~ R ~ -
x?{,I\S,R “"“NJ\S'R oo Nj\ s
S X 3 f |
k | " base >
N~ N ONJ O H x@

18a 18 19 19a



End-group Modification

Thermolysis

X X
RM’\}/ SH X )
Y n-1 Y R \
Hetero Diels Alder n-1
Y Y
W Nucleophile
ﬁ A | |
H
H/{/\H”\{/
n-1
[4+2] ; Y Y
H donor
W T X. X
H
1
Y
X
I
Y

Radical induced reactions




RAFT Polymerization

Because RAFT end-groups are (largely) preserved, bl copolymers

can be prepared by sequential addition of monomers.

Monomer A Monomer A Monomer

ﬁ.
Qi20000 000000 O

Block copolymers have a wide range of applications as dispersants, surfactants and
undergo self-assembly to form nanoreactors and vehicles for delivery of actives in the
biomedical, personal care and agrichemical fields. They also allow control of morphology

in polymer blends.



ACVOTAOLKA 2V wto)m nepn

H

H
gy s, b r:H,, r | i H _'___.-a—h-l_ ¥ . il
R: Ut ER S TR ~ - *"’" ~R ~ 1-+"kR > i D L e B -
' P
- | M. 0. .0
0”>0CH; 07 “NH . 07 0CH; 07 “N(CHa), ( “f )i \7 & ¢
C3H;OH b — CHa

MMA, HPMAM
- St, MA, DMAM —————————————————--=----==---- -
———— NVC
- VAc, NVP

* H pakpo-R opada mpemel va eival pot KOAWC amoxwpouvoa opado 0€ oxEoN
LLE TNV OVATTTUOOOLEVN pLlol TOU OEVUTEPOU HOVOUEPOUC KOL TIPETIEL ETLONG
va EEKLVAL ATTOTEAECUOTLKO TOV TTOAUMEPLOUO TOU HEUTEPOU LOVOUEPOUC.

* E¢altiog TNC peyaAUTEPNC OTEPEOXNMLKNC oTaABEPOTTOLNONC KOIL GUVETIWGE TNG
KAAUTEPNC LKAVOTNTAC TNG opadac va OomoxwpeL HOVOUEPN Ta ormola
nopayouvv  TEPLOCOTEPO  otaBepomolnuevec  pilec  (neBakpuAlka,
neBakpulopidla) mpemel va mtoAvpepifovtal mPLV amo aAUTa TOU TTApAyouV
Alyotepo otaBepec pilec (oTUpEVIKA, AKPUALKA, atkpUAQLLSLaL).



RAFT Polymerization

Dependence of dispersity (D = M, /M_) on transfer constant and
monomer conversion

 —
2. 1 _ktr
5 Ctr_k_
1.8 1 (4%
b B i
‘I_SE E_
E o k
1.4+ 3 ko.=k B
_ T
| L ——— O
' 40 60 80 100

Conversion



RAFT Polymerization

Dependence of degree of polymerization on transfer constant and
monomer conversion

10004——r—r—+—r—r—r—t—r——

80[};

Ll 1 1 | 1 |
I

Degree of Polymerization

30 40 60 80 100

Conversion



Chain Transfer

* Chain transfer does not effect polymerization kinetics.

(the concentration of radicals is not affected)

* Under ideal conditions the molecular weight dispersity (D = M_ /M) will be
2.0.

* Historically, a transfer constant (C,=k;./k,) of 1.0 has been called “ideal”
because the ratio of monomer to transfer agent (and thus the molecular

weight) remains constant throughout the polymerization.
(many irreversible addition-fragmentation transfer agents have C,,~ 1)

* |f the transfer constant is >1.0 the molecular weight will increase linearly with
monomer conversion.



“Macromonomer” RAFT Agent

C, (MMA)~0.4

H,C

Reactive
double bond

‘Z’ activating group

Weak single bond (in intermediate)

‘R’ good free
radical leaving
group, good
initiating radical




Trithiocarbonate RAFT Agent

C,, (MMA)~50

Reactive
double bond

Weak single bond (in intermediate)

‘Z’ activating group

1

‘R’ good free
radical leaving
group, good
initiating radical




Concentration effect of RAFT agent

?Ha_
S—C

DERAY

Ph

Thermal initiated polymerization of
styrene at 110C for 16 hr =

30 35 40 45 S0 8
redetior vola—e (mirs)

Mn. PDIL. conv: control. 324K. 1.74. 72%:
0.0001RA., 189K, 1.59, 509%: 0.0004FA., 107K, 1.21. 60%

0.0010 RA. 48K. 1.07, 55%: 0.0029RA. 14.4K. 1.04, 55%



Gui

S

R—S'Jl\?_

initiator

S

- R—W—S’H\E

!

polymer

o
9 o

o
o
o o

9o

Monomer

Switchable RAFT pmtunatesd form

R—CWIIBLII}—S)LZ
poly(MAM)-block-poly(MAM)

Switchable RAFT mmpmt?snated form

M

R—QAU30 —-S87 ~Z
poly(LAM)-block-poly(LAM)

Switchable RAFT protonated — non protonated form

S !
M
Q

!
N

R—W—SJ\Z {}*—*

poly(MAM)-block-poly(LAM)

de to Block Copolymer Synthesis

RAFT group

b 8 Effectiveness
dependent on Z

J Am Chem Soc 2009, 131, 6914-15
Macromolecules 2009, 42, 9384-6




Chain Transfer

Chain transfer by (irreversible) addition-fragmentation
Weak single bond

R+ Xy A—R_Faa, R—X Yj—g_R R'—XYA + R*
P T -
Reactive Z p4
double bond _ . :
R is a homolytic leaving

group (R+ must also be
able to reinitiate

polymerization)

Z modifies addition and
fragmentation rates

Typical addition fragmentation transfer agents
HECYO—CHzPh H,C._S—CH,Ph STO—CHzPh

Ph CO,Et h
vinyl ethers allyl sulfides thionoesters



High Conversion
Acid End-functional PMMA

o
i we il
MMA + Vazo-88 + HDDECH;CH;+5—C*SﬂT HOOC W PMMA=S—C—$-R
CN rs

Over ~50-fold range of RAFT agent concentrations
Little retardation

Low dispersities /Monomodal distributions

[RAFT]x102M M, M,/M, % Conv.
19.92 2,600 1.17 80
9.96 4,600 1.15 80
4.95 9,300 1.11 79
2.48 20,600 1.09 91
1.24 39,600 1.09 >99
Yot 84,000 1.11 >99
2 » 2 % 0 0.32 125000  1.16 >99

elution volume (min)
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