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TAILOR-MADE POLYMERS; EXAMPLES

A. HOMOPOLYMERS

with predetermined microstructure
(polydienes, polyolefines)

polymers with narrow MWD
(calibration standards for SEC)

functionalized polymers
(reactive polymers, macromonomers, cross-linkers)

- monofunctionalized (monochelicy s s a A A A A A_AA-X

-telechelic — X_A_A-A-A-A-A-A-A-A-A-A-X

- polyfunctionalized A-A-A-A-A-A:-A-A-AI\-A-A
X X X
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B. COPOLYMERS
(thermoplastic elastomers, blend compatibilizers, lapiplic and ampholytic
copolymers,etc

Random (statistic) Block copolymers
A-A-A-A-B-A-A-A-B-A-A-B-A A-A-A-A-A-A-B-B-B-B-B-B-B
Graft copolymers Star polymers and copolymers

A-A-A-A-A-A-A-A-A-A-A

s
5
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WAYS TO TAILOR-MADE POLYMERS

1. lonic controlled processes, “living” polymerization

A. Anionic

Initiators: organometallic nucleophiles (BuLi, ester enolated;alkoxides),
tetraalkylammonium salts, metaloporphyrines, lantitanes

Monomers: vinylic or heterocyclic (styrene, dienes, methadssdalactones, lactams)

B. Cationic

Initiators : Alkylhalides, water, in a combination with Lewasids (HO + BF;;
RCI + AICI,)

Monomers: vinylic or heterocyclic (styrene, isobutene, vintthers, dienes, THF)

C. Ziegler-Natta complex polymerization

Initiators: complexes of transition metal salts (Ti, V, W, @odh aluminum alkyls or alkyl
halides

Monomers: vinylic (a-olefins, dienes, styrene, methacrylate)
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ANIONIC POLYMERIZATION

Non-polar vinyl monomers (styrene, dienes)
(very low extent of side reactions, long lifetime of active chains)

Scheme
i S
: pSt Li "

|
BuLi + CH=CH—— Bu-CHC Li"———
© "living" polymer

C

_But _ p(Stb-But)
block copolymer

\/
© . pSt-CH-CH, OH
functionalized polymer

pSt - CH- CH = CH,
MacCromonomer

1,1-DPE
3
CH,=CH-CH,-Br
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Quirk: Anionic Polymerization.
M. Dekker, NY, 1996
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Reactions of R -Li+ initiator with methacrylate monomer

N CHj _ CHa il CHs
1C,12—add|t|or?. - CH,= C _Bubl o= c _Bul CHy=C
(decomposition of initiator) C o -CHsOLI C o BU - C OLi

oc:H3 Bu Bu
polymerizable tert-alkoxide
keton
CH3 (I:H3
N CH,= C _Bull,  R.chH- C
1,4-addition C 0 C oL
OCH, OCH, —C it
enol form T
Cc—O
(I:Hg _ (I:HB
CHy=C Bull . R.CH,- CLi”
3,4-addition (I:=O (I: =0 enolate-type
OCH;, OCHs active center
keto form
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Branching CHy CH, cHs
|
WV‘“CHz-C_Li+ + WCHZ-CM—? WCHZ-CW\.{L
| | -CH3OLi
OCHs OCHjs CHg IC—Cooc:rg
. . w —— . Baskaran: Prog. Polym. Sci. 28, 521 (2003)
Self-termination by “back-biting” raction Vicek: Prog. Polym. Sci. 24, 793 (169)
O- 0
CH-0O ! S Tt 0
Sl CHs oy NEH Cla_c
| ] oo N C -
W\’I(CHZ = IC CH, - IC Li —> vwwu CH, C C—CHs; v CH, -C C\_CHg
0" -0 | | >coocHs oo | | > coocH;
l ! H,C CH, R HC_CHy
OCH3 OCHjs N~ N
/C\ e
CH3; COOCH; CH; COOCH;
dormant chain cyclic oxoester, "dead" chain
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The reactions competing in MMA polymerization

Chain propagation versus self-termination

AU M*n —M> AUy M*n+1—M>m M*n+Ze_tC> grOWi ng
Kp Kp polymer
lkt jkt lkt

t

t t
0 vy M4 vy M40

~uuu M
self-terminated Inactive chains

For “livingness” of polymerization, a ratio of rates of propagation
and self-termination is important given by a ratio of the
corresponding rate constants
K, /K,

Acrylic monomers exhibit distinctly higher tendency to all the mentioned

side reactions than methacrylates
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METHODS OF ANIONIC CONTROLLED
POLYMERIZATION OF POLAR VINYL MONOMERS

*Group transfer polymerization  (GTP) initiated with silylketene acetal
(Webster, Hertler, Sogah, Bandermann)

*Metal-free anionic polymerization  (MFP) initiated with tetraalkyl ammonium
salts
(Reetz, Sivaram, Bandermann)

*Polymerization initiated with metalloporphyrine init lators
(Inoue, Aida)
*Polymerization by rare earth metal complexes , initiated with lanthanocenes

(Yasuda, Okamoto, Novak)
eLigated anionic polymerization  (LAP) initiated with complex alkali metal
initiators

(Lochmann, Vlicek, Teyssie, Miller, Ballard, Sivaram)
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GROUP TRANSFER POLYMERIZATION (GTP)

Initiator_: 1-methoxy-1-trimethylsilyloxy-2-methylpropene (MTS)
Catalysts : nucleophilic (for methacrylate polymerization) (C,Hg), N* CN-;
(C,Hg), N* F; [(CH,),N], S* HF,";carboxylate;
(0.1% mol/initiator)
electrophilic (for acrylate polymerization), Lewis acids, zinc halides,
alkylaluminium halides, Hgl (10% mol/initiator)

Polymerization temperature__: mostly from -30 to 30°C

Solvents : THF, toluene, 1,2-dimethoxyethane, acetonitrile, DMF
(for nucleopnhilic catalysis)
dichloromethane, 1,2-dichloroethane (for electrophilic (catalysis)

Monomers : (meth)acrylic esters, N,N-dialkylmethacrylamides,
methacrylonitrile, epithiopropane

Block copolymerization : methacrylate — methacrylate
methacrylate — methacrylonitrile
epithiopropane — methacrylate
methacrylate — acrylate (different catalysts!!!!)
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GTP — general scheme

Catalyst cleaves Si-O bond in an initiator forming enol-form of active center

It is believed that the catalyst quickly migratesa  mong initiator molecules or “living”
growing chains

Polymer chains remain active for a relatively long time and can thus initiate
polymerization of another methacrylate, giving bloc k copolymer

GTP is accompanied with self-termination “back-biti ng” reaction as well as for typical
anionic polymerization

: I )
CH3\C _ C/OS|(CI-g)3 NU CHa. C/O [Nu--Si(CHg)4]

_
CHy OCH, CHy OCH
/ Webster: New Synthetic Methods, Adv. Polym. Sci. 16 7, 1 (2004)
CHs VA CH CH3
; n

CH;-C CHg; - C—(CH2 C+CH2 *Nu--Si(CHy)s] BuMa p(MMA-b-BuMA

= C o c 0

OCH; ocrg OCH3 OCH3
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METAL-FREE ANIONIC POLYMERIZATION (MFP)

Initiators - tetraalkylammonium salts (acrylate polyme rization)

1. Alkyl or aryl thiolates , BuS- *NBu,, room temperature
a) unstable initiators — thioethers
b) low-molecular-weight products (103), broad MWDs

2. Carbanionic salts _ (derivatives of alkylmalonic acid), room

temperatlflr_e_ Bandermann: Macromol. Chem. Phys. 196, 2335 (1995)
a) more stable initiators
b) higher molecular weights (104)

<|300R1 c|:N cl:ooc2H5
R—<|3H R—(|:H C2H5—(|3' "NBuy

COOR' CN COOG,Hs

diester dinitrile diethylester of

ethylmalonic acid
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Initiators _: Metaloporhyrin
derivatives
M= Al, Zn, Mn
X = ClI, alkyl, alkoxide,
carboxylate, thiolate

Monomers : 1. heterocyclic; epoxides, (M = Al, Zn, Mn; X = halide, alkoxide

lactones, lactides
2. vinylic; (meth)acrylates, (M = Al; X =alkyl, enolate, thiolate)

methacrylonitrile
Conditions : CH,CI,, toluene, bulk at 0-35 °C; activation with visible light!!!!

MMA polymerization by (TPP)AI-Me 2

Temp. Conv.
°C % 10% M, (calc) 10°. M, (SEC) Muw/M
Aida: Prog. Polym.
30 100 20.0 19.9 1.19 Sci. 19, 496 (1994)
15 100 10.0 9.1 1.10

% room temp., visible light, > 12 hours




i élfli‘;" e e

g
&
=

| T,
RO

-

Acceleration of the process by organoaluminium compounds

e X
Al i Al 1
SO o sline)
Q }34 ,44 R? R* R? &
1h:R=R=tBu;RF=H
2a. Rl = Ph 1c: R1 = R2= t-Bu; R?' = Me
2b: R*=H 1d: R = R=t-Bu; R=H

le:R=FR=H;:R=t-Bu
1f: R"' = R = H; R = OMe
1g: R =t-Bu; R = H; R = OMe

MMA polymerization in CH ,ClI, at 35°C

Without additive, conversion 6% only after 2.5 h
In the presence dfa-d or 2acomplete conversion within minute!!
Addition of 1e-g or 2b— no acceleration

Simple aluminium alkyls (M&l) terminate polymerization at room temp.
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POLYMERIZATION INITIATED WITH LANTHANOCENES

Initiators: bis(pentamethylcyclopentadienyl)
compounds of lanthanides %/H\ Me

P
Sm Sm Ln
Ny ) ~ THF
o 27 T
Ln=Sm, Yb
oxidation state lll, LaR(C cMe),
\ _Me_ _Me Ny
Yb Al /Yb\Me/ \
\%Me Me KQ [(‘77
L Me,Si.,
oxidation state II, La(C Me,), ﬂ—t-Bu
~THF
Me,Si sm.
THF
Yasuda: Macromolecules 28, 7886 (1995) - ;%""t-Bu
3

Monomers : 1. vinylic; (meth)acrylates, ethylene
2. heterocyclic; caprolactone, valerolactone
Conditions: _toluene, THF, temperature from -90 to 60 ©°C




Mechanism of the lanthanocene initiated polymerizatio n

OMe
7/
Enolate—_controlled process _oMe N /O_C\C”Me
proceeding via 8-membered {O=C{ p— ,Sm e CHgR
ring enolate intermediate /Sn{ SMe T b oGy
QS R --CH» O=C\
OMe
o ] R=H,Me
Monomer reactivity ratios
pMe /OMe
monomers ro \Q¢C\C\/Me N 06 e
‘ \ ; g
MMA/MeA  0.015 19.9 : H A ' s
AT g 7 e ATy, OFeR
MMA/EtA 0.008 15.9 Ong ;C'\CHQ/J;\_ OOMe o\Céé
MMA/BUA  0.024 21.3 et CHoR Moo, Me

R=H; X-ray analysis

Synthesis of ABA triblock copolymer

MMA MMA + BUuA
Ln-R ——— Ln+PMMA)- R > poly(MMA- b-BuA-b-MMA)

living PMMA ABA triblock
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LIGATED ANIONIC POLYMERIZATION

Principle: Initiating complexes are composed of an intiator and additive
(ligand) which tailor the environment of growing ch ain-end lowering
thus its nucleophilicity and forming sterical hindran ce

Main types of the ligands

1. Alkali metal halides Initiators: bulky organometallid3PHLI
Additives: almost exclusively LiCl
Temp.: from -78 to @C

2. Bidentate alkoxides Initiators: bulky organometallid3PHLI
Additives: CHO(CH,- CH,O),Li,
Temp.:<-78C

3. Aluminum alkyls Initiatorg:-BuLi, ester-enolates

Additives: triethyl, triisobutyl, biphenoxyalkylaminums
Temp.: from -78 to 2T

4. Alkali metaltert-alkoxides Initiators: alkali metal ester-enolates
Additives: mostly Litert-butoxide
Temp.: from -78 to 2T

5. Miscellaneous (Li silanolates, Li pelotate, TMEDA, etc)




Effect of LiCl on (meth)acrylate anionic polymerizatio

|nitiators:
Bulky
organolithiums

o+
C4Hg- CHy- C- Li

Cqu- CHZ_ C_ Ll

DPHL1

Effect of LiCl on polymerization of t-BuA initiated with aMeStLi

LiCl/init Temp
Solvent m/m °C My/Mp ()]
THF 0 -78 3.61 -
THF 2 -78 1.30 0.80
THF 5 -78 1.20 0.77
75125 1.3 -78 1.20 0.72 .
75125 1.2 -30 1.30 0.71 ﬁgfyﬁ‘ras”éipggg-
. 75/25 1.2 0 1.63 0.61 521 (2003)
toluene/THF (v/v)
Effect of various Li salts on MMA polymerization in THF at -78°C
Conv. SEC
initiator salt % 10°M, Mw/My ()
aMeStLi - 99 41.0 1.20 0.67
LiCl 99.5 32.5 1.09 0.85
LiF 99 46.5 1.17 9.58
LiBr 96 38.0 1.16 0.69
LiBPh, 68 25.5 1.24 0.74
DPHLI - 100 16.0 1.13 0.94
DPHLI LiBPhy 100 18.0 1.12 0.86
DPMPLI LiCl 93 22.0 1.09 0.93

Institute of Macromolecular Chemistry ASCR, Heyrovsky sqg. 2, Prague -162 06
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Bidentate lithium alkoxides

Ligands  CHa0—~CH,- CH,0),-Li  CH30—CHy CH,O-Li (CHg3)oN—CHyp- CH,0),—Li

MEEOLI MEOLI NEEOLi
CHBO _(CHz- (I:HO)E_L].
CH,
MPPOLIi
Initiators @
(sterically hindered organolithiums)
CsHy- CH,— C-Li CH-Li
DPHLI DPMLi
Conv. M, (theor) SEC
Alky! Ligand % .10° M, .10° Mw/Mp,
Bu NEEOLI 46 8.6 23.0 1.65
Bu MPPOL; 25 4.3 13.0 2.00°
Bu MEOLI 80 7.0 22.0 3.3
Bu MEEOL; 100 24.7 34.0 1.30
Nonyl MEEOLI 98 I 14.0 1.20
Et MEEOLj 100 12.5 19.0 1.30
Me MEEOLj 100 10.9 13.0 1.50

Institute of Macromolecular Chemistry ASCR, Heyrovsky sg. 2, Prague -162 06
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ALUMINIUM ALKYLS — MMA POLYMERIZATION

.. . f-Bu
Initiators : t-BulLi; Li ester-enolates i-Bu . 5
*co-( )r emcm
Ligands: Et,Al; (i-Bu),Al; toluene -Bu/ )
f-Bu
Effect of Al/Li ratio on MMA polymerization
Al/Li Conv. M,

m/m % 10° M/M,

0.4 46 17.1 1.28

0.7 75 19.9 1.12

1.2 99 32.4 1.09

2.0 100 44.1 1.11

3.0 99 28.4 1.09

Lifetime of MMA growing chains — 4-doses experiment

Time Y MMA  MMA/t-BuLi Mn Increment

min mol/| m/m 10° Mn.10% MM,

65 1.06 75 11.7 11.7 1.09
130 2.12 150 23.2 11.5 1.10
195 3.18 225 33.9 10.7 1.1

260 4.24 300 44.1 10.2 11.1
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tert-Alkoxide-stabilized polymerization

Initiators:
Esters of 2-lithioisobutyric or 2-lithiopropionic a cids, at-78 — 0 °C
% 3
CHs- ? Li CHs- (ll Li
COOR COOR
2-lithioisobutyrate 2-lithiopropionate
Additives:
Alkali metal tert-alkoxides, in THF, toluene/THF mixtures
C|3H3 (|3H3
CHs- C- OLl e ol
CHs Eos
Li tert-butoxide Li tert-hexoxide

Vicek: Prog. Polym. Sci. 24, 793 (1999)
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Lifetime of PMMA living chains
Initiator: 1:10 MIB-Li/ t-BuOLi system; THF; -60 °C

AtP t¢ SEC
Dose  min min 10°M,  My/M,
1 0 60 7.8 1.20
2 60 150 19.0 1.11
3 150 250 30.1 1.12

4 [MMA] o = 0.486 mol/l, mole ratio [MMAE[MIB-Li] o:[t-BuOLi]o = 50/1/10 in the first step,
THF, T = -60 °C? time period after the addition of the first doSegtal reaction time

200
1
4-
150
= 34
o N 3 100-
=3 In[M]¢/[M] = ky [C ] t
: N .
0 . . - .
0 10 15 20

0 20 40 60 80 100 4 [min]
t (min) o

First order time-conversion plot, first dose SEC eluograms, the numbers correspond to the doses
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Polymerization of BUA initiated with tBIB-Li/  t-BuOLi

Initiation:  tBIB-Li in toluene/THF (9/1); -70 °C

Run t-BuOLi(exc) Time(s) Conv. (%) 10°M, Mw/M,

1 0 8 12.7 2.9 7.8
600 22.7 3.3 18.8
2 3 8 41.1 6.1 1.17
600 99 14.0 1.31
3 10 8 45.1 5.8 1.15
185 100 11.7 1.21
5
3
4r .
In[M] o/[M] = ky [C ] t S
=
=13

0 5IO 1CIJO 150
t, s
Institute of Macromolecular Chemistry ASCR, Heyrovsky sg. 2, Prague -162 06
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CONTROLLED RADICAL POLYMERIZATION
BASIC APPROACH

Simplified scheme of conventional FRP
Initiation :(diazocompounds, etc)

R-R—> 2R" A/L 2R-M"

Propagation : M
R-M»= n—> R - M’]' M=

ko

Spontaneous termination :(recombination, disproportiation)
2 R- My M® —— non-active chains

K
Rates of propagation and termination
Ro =Ko [R - My M x[M] R =k [R - M- M4?2
Principle : Lowering the concentration of “living” macroradica Is by reversible

process perceptibly lowers the rate of termination

Institute of Macromolecular Chemistry ASCR, Heyrovsk y sg. 2, Prague -162 06
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METHODS OF CONTROLLED RADICAL POLYMERIZATION

Iniferter Technique ( initiation, trans fer, termination)

Degenerative Transfer (DT)

Reversible Addition- Fragmentation Chain Transfer (RAFT)

Stable Counter-Radicals (nitroxide-mediated, NMP or  TEMPO)

 Atom- Transfer Radical Polymerization (ATRP)

Institute of Macromolecular Chemistry ASCR, Heyrovsky sq. 2, Prague -162 06
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INIFERTERS

Initiators : Diazocompounds, peroxides
Iniferters : Radical end-capping particles g

R CH
fo_rming dormant macroradicals ~/ N - ﬁ -S-S -”C - |{ = /( 2)\4
with weak C-S bond S S g S

_ tetraalkylthiuram disulfide tétramethylene disulfide
Probable mechanism

(CHY),
(CH2)4 ! / \
JVVV‘CHZ-ICH n + / \ = JWV‘CHZ-ICH_:_S Sw

o »

(CH)), (CH2)4

./ N\ VARG
ACHyCH--S  Se + Re=== aCHyCH-S  SIR
CH (CHp),
PRk ;R

JVVU'CHZ-ICH_E_S Ss + e pStl = WCHZ_ICH_E_S S!—pst/vvxf\

» »

Institute of Macromolecular Chemistry ASCR, Heyrovsky sqg. 2, Prague -162 06
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DEGENERATIVE TRANSFER

Initiators: diazocompounds, peroxides (AIBN, BXO,)
Transfer agents iodoform, alkyliodides (CH4l, R-1)

Monomers: styrene, (meth)acrylates, acrylamide
1) Transfer reaction to RX

At + M —i

Prevailingly applied to
a tailoring of oligomers . | o Kir1
with predetermined DP

AM* + (1) M L TNV




RAFT — basic scheme

Initiators: diazocompounds, peroxides SN S—R R =-C(CH3),Ph; -CH,Ph
RAFT agents thiocarbonyl thiocompounds | Z = alkyl
Z
Initiation Lowe: Prog. Polym. Sci.
32, 283 (2007)
| ) L Pn-
Chain Transfer ,
e s\cl:”s_k Kaaa  Pn—S_. S—R K Pn—s\? A
U z K.ada é z
M (1) (2)
Reinitiation
M
R ———— —— Pm-
propagation
chain equilibrium
S Ss— -s . S— Pm—-S_ S
Pm- . \?, Pn __‘Pm S\?/S Pn__* m \(l:/ R
W, z : P
M (3) M
Termination
Pm’ * Pn* — dead polymer




Effect of RAFT agent on polymerization

Raft agents dithiocarbamates with various R and Z substituents

Monomer Time (h) Conv. (%) M, (theor) M, (exp) Muw/Mp

EtA2C 3 99 69000 2.83
EtA 4 87 7350 7750 1.2
ste 24 98 376000 2.26

St 24 94 8170 7730 1.22
MMA ¢ 4 52 70800 2.28
MMA 7 08 8150 10740 1.74

250% in toluene, ST, AIBN; °in bulk, 116C, thermal initiat.° no RAFT agent

GPC traces of pSt prepared in
the presence of dithiocarbamate

a) 36%;M,= 14700; PDI=1.16
b) 63%;M,= 26200; PDI=1.12
c) 86%;M,= 33500; PDI=1.10

36 38 40 42 44

Elution time (mns)




Synthesis of poly(St- b-MMA) by RAFT polymerization in emulsion

Initiator : 4,4’-azobis(4-cyanopentanoic acid)
RAFT agent benzyl dithioacetate

Temp. Time Monomer added (ml)  Conv.

°C min St MMA % My Mw/My

80 30 6 0 43 7700 1.37
75 15 0 99 23700 1.35

90 100 15 7.5 84 39000 1.56
190 15 15 92 41300 1.57

moles monemeaT consumead Raterdign wolume {ml)

SEC traces of p(St-b-MMA) and pSt;

M,, evolution vs. monomer consumption _ )
dashed line — UV det, solid line — RI det
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STABLE COUNTER-RADICALS

Initiators: Diazocompounds, peroxides
L . CH
Nitroxide radicals; HsCC?> ¢ 3 TEMPO
N CH3

2,2,6,6-tetramethyl-1-piperidinyloxy radical
Georges: Macromolecules 26, 5316 (1993)
Probable mechanism
\/

/ :
A CHZ'CIH. + \,/\‘/ ., JUVV\ CH2'?H 'O_N\

/\ll\l/\ <
SR »

active chain dormant chain
l nSt
N
N % / >
v pSte + /\N/\ —3==>*NWDSPO_N\
_ I /N
active Q dormant

controlling equilibrium
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TEMPO-mediated synthesis of
poly(styrene- b-2-dimethylaminoethyl methacrylate) copolymer

1st step: Synthesis of pSt macroinitiator by /
controlled radical polymerization s pSt-O—N

in bulk in the presence of TEMPO X

2nd step: Bulk polymerization of DMAMA by pSt-TEMPO macroinit  iator
=> p(St-b-DMAMA) with TEMPO termini

/ (I:H3 4
VpStO-N_ )+ NCH=C 90 poly(StbDMAMA—O—-N )
N C=0 N

I
O-(|CH2)2 Lokaj: Macromolecules 30, 7644 (1997)
N(CHs),
pSt Time DMAMA M, .10°
M, .10° h % SEC NMR Muw/Mp
53.4 2 40 67.1 107.1 1.25
(1.13f 8 39 67.0 105.0 1.29
28.1 2 26 34.0 43.0 1.28
(1.10% 8 29 36.3 45.4 1.30

@polydispersity indexes
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ATRP - three-component initiating system

1. Initiator — organic halides R-CCl3  CHj X CHCI,

Alkyl halides
Ghs 1

Esters of 2-haloacidsMs¢ - € - X HC - C-X
C=0 (|:=O
|
OR OR

Sulfonyl halid T O

ulfonyl halides I
Y CHs;-S-Cl CHg—Q S-cl

O O

2. Catalyst— transition metal salts in the lower oxidation stat
CuCl, CuBr, FeCl RuCl,

3. Complexing ligand— aminocompounds, phosphorus compounds

S S —N N— (Ph)3P/(RO)3AI
N N I I
Institute of Macromolecular Chemistry ASCR, Heyrovsk y sg. 2, Prague -162 06
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Amine-type ligands
/N /—\ S
R S
N_
—N —I}I |

1SES
DI |
N N
N,N,N',N",N"-pentamethyl |
diethylene triamine (PMDETA)
tris[2-(dimethylamino)ethyl]
amine (M@TREN)

2,2'-bipyridyl (bPy)
N

5,5'-disubstituted

N,/ H \||\| ||\|/

N N H = / >
—N N— N

| | Cl N P SN NN
Ny L
éle"éLr fr}]zhleo’(lH?\;lr‘Teé(?gethy't”ethy'e”‘ H 1,4,8,11-tetramethyl-1,4,8,11-
sparteine tetraaza-cyclotetradecane
(Me,cyclam)
y sg. 2, Prague -162 06

unesco.course@imc.cas.cz
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ATRP — basic scheme

Initiation

Li . M :
R— X + CuX —Ig> R- + [Cu%iLig] — R-M* + [CuXyil Lig]

Propagation

nM :
R-M+ + [CuXy 11Lig] —— R-M,-M: + [CuXziLig]

Determining equilibrium

K
Pi—X + Mt"X/Lig —= P, + Mt"1X,/Lig

Kgeact @
kp

dormant active

Matyjaszewski: Chem. Rev. 101, 2921 (2001)

Sawamoto: Chem. Rev. 101, 3669 (2001)
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Multifunctional ATRP initiators
Bifunctional cl:H3 CHj C|3H3
diesters of HO-R-OH + 2 CH-C-COBr — Br-C-COO-R-OOC-C-Br
2-haloacids I | |
Br CH3 CH3

substituted urethanes or ureas
OCN-R-NCO + 2 HO-CRHCCl;—> (3C-CH,O-CONH-R-NHCO-OCH,-CCl 3

Tetrafunctional
tetraesters (pentaerythritol)
|

HOH,C /CHZOH e Br-:c-coo-Hzc\ /CHZ-OOC-IC-Br
+ 4 CH-C-COBr—» | JLeN |
HOH,C” \CHZOH ér Br-ﬁ:-COO-F&C CH-OOC-C-Br
Polyfunctional
polymeranalogous reactions
Br
ASACACAVISUAUAURY)

I
AU CH3-CH-COBr
OH OH OOF OOF OOF
CH3FH CH3FH CH3FH

OH
oly(MMA-co-HEMA
poly( ) Br Br Br




Multiblock copolymer by a combination of ATRP and cat lonic
polymerization

Toman: J. Polym. Sci. Part A-
Polym Chem. 43, 3823 (2995)

CI3C

CClg
ATRPJCUCI

MMA | HMTETA

Cl Cl
CI-PMMA— C C—PMMA-CI

bPy

Cl~f CH-CHxlx PMMA— cr’ : \c::—PMMA—ECHz Cfﬂ_XCI

ATRP'CUCI

catlonlc .
isobuten 3

poly(isobuteneb-styreneb-MMA- b-styrene-b-isobutene)

Institute of Macromolecular Chemistry ASCR, Heyrovsk y sg. 2, Prague -162 06
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ATRP grafting of silica surface with BuA

Synthesis of
functionalized
ATRP initiator

Anchoring

of the initiator
onto silica
particles

O CHoCly, EtsN
J—Q + NN -
Br Br HO o

HO,

OH
|
@ s s e
HO )
OH
\Y. EtsN

O
Br Br
o}

4 \,
/0 g
o
\Si’ o _rs

HSi{CH»),Ct
Karsteﬁ% catalyst

O
2

I
/\/\/\/ i
Br> /< ?l Ci




Principle: Reversible deactivation of growing macroradical vétbalt of
transition metal in the higher oxidation state

Initiators: Commonly used radical initiators, mostly diazoconnmids

General scheme
Initiating system: diazocompound, Cydigand (subst. bPy)

Initiation R-R o R

Re + M + [CuCJmlLig]—> R-M= + [CuClym Lig ]
Propagation

R-M= + [CuClmLig] _ A R-My-M*= + [CuClmLig ]

Determining equilibrium between active and dormantchains

R-M,-M* + [CuClyiLig] —<—> R-Mp.-Cl + CuCl
active chain dormant chain

Institute of Macromolecular Chemistry ASCR, Heyrovsk y sg. 2, Prague -162 06
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RATRP of BUMA in emulsion

Water-soluble initiators: K,S,Og; soluble azoinitiators

CH CH
HNg T 0 T No T T8N
CCNNCC,( + 2HCI </CICNNC(fNj+2HCI
H,oN” NNH N
2 CH3 CH3 2 CHs CHs
2,2'-azobis(2-methylpropionamidine) 2,2'-azobis[2-(2-diimidazolin-2-yl)propane
dihydrochloridey-50 dihydrochlorideYA-044

Catalyst: 2,2’-bipyridine, CuBr ,; non-ionic surfactant

T CuBr, Time Conv.

Run®  Init °C m/mP min % 10°M, My/M,  ®°
1 V-50 90 0 15 98 255.5 3.56 <0.1
2 V-50 90 1 300 92 69.2 1.26 0.4
3 V-50 90 2 350 60 76.2 1.19 0.2
4  VA-044 80 1.5 240 37 15.3 1.43 0.7
5 [VA-044 70 1.5 540 84 47.3 1.28 0.5
1] o/[BUMA] o = 1/400; [CuB3]/[I\bPy]o =1/2;° [CuBK]o/[I] o mole ratioinitiator
efficiency

Institute of Macromolecular Chemistry ASCR, Heyrovsk vy sq. 2, Prague -162 06
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Single electron transfer-living radical polymerizatio n—- SET-LRP

Three-component initiating system
Initiator:  alkyl halides, sulfonyl halides, haloforms
Catalyst: zerovalent metallic copper Cu(0), fine powder or tin wire

Ligand: nitrogen compounds, MegTREN, PMDETA
Solvents: aprotic polar solvent (DMSO), protic solvents (water, alcohols)

Possible SET activation mechanism

{P-X":Cu(lyL*} —={P3* X" Cu()iL*} —=

Cu(0) :
P + Cu(l)X/L

P-X ——— > _
L, solvent {P2+"X : Cu(l)/L*} >

2Cu()X/L === Cu(0) + Cu(ll)X,/L

Monomers: Acrylates, methacrylates, styrene (?), vinylchloride

Percec: Chem. Rev. 109, 5069 (2009)



SET-LRP vs. ATRP, scheme

SET-LRP

Activation — - e
(K ) i & Activation e
£ ) Kapi] 4 b
Cu' XL
/ hm;:‘nrtlm | _ PP
! \ [ ! Catalytic | ispr ionation rmination
I. \ L, [\ wwuan g i 1 _Tﬂ i
Pk CUNL  Cu'RyL="PP,PL |+ M PX W o+ Cu'aL  PT )enm
A .."IF |I F.'”'-'F“'E'“““"' t i I.'“F-"-r-:h agation
II'. l'. (k) |ﬂ|:prnr::lfmn-!l I lII| F:*’i:l
\ 5 = alogen Cu' XL ;
“x\ Deactivation P= o sactivation
S £ - W~ & e
SEC
M | Initiator Ligand Ratio* | Time | Convers. | M,.10°% | M,,//M,
m/m min %
MA MBrP Me sTREN 220/1/1/1 50 100 20 1.3
MA CHBr 3 MesTREN | 220/1/0.1/0.1 70 90 18 1.6
MMA | DCAP PMDETA 200/1/1/1 300 90 20 1.3
VC CHBr 5 TREN 350/1/1/1 200 85 32 1.6

monomer/initiator/Cu(0)/ligar
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LAP and ATRP - comparison

LAP

ATRP

Better control over the
process

Synthesis of
macroinitiators, easy
preparation of block

copolymers

Very narrow MWDs

Less time- and labor-

Advantages (<1.1) consuming
Controlling the Non-sensitive to protic
microstructure impurities, water-

resistant
Easy functionalization | Elevated temparatures,
of chains low costs
Very sensitive to protic | Broader MWDs (1.3 or
impurities more)
High purity requested, | Lower control over the
low temperature; i.e. process
Drawbacks high costs

Side reactions (polar
vinyl monomers)

Hardly controllable
microstructure

No monomers with OH,

COOH, NH, groups

No dienes

Institute of Macromolecular Chemistry ASCR, Heyrovsk
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