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emsermesne | POlymerization methods: overview
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* Free radical polymerization (PS, PMMA)
* Controlled radical polymerization
* lonic polymerization (cationic, anionic) ]
chain growth
* Ring opening polymerization (ROP: PLA, PCL, aliphatic PC)

* Transition metal-catalyzed polymerizations (polyolefines,

polyinsertion, ROMP, ADMET, cross-coupling)

* Polyaddition (isocyanate chemistry, thiol-ene and azide-alkyne

click chemistry) step growth
* Polycondensation (PET, PA, PC)
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1) Initiator ky
dissociation | > 2R*
2) Initiation k.

R* +M > R-M*
3) Propagation k,

R-M* + nM - R-M_*

ki
4) Termination R-M.*+*M_-R > R-M_, -R recombination
) K
R-M_*+*M_-R > R-M " +M_R disproportionation

Pn-ﬁ;H-CHz* P,-CH=CH, /
+

—_— +
H

*CH,-CH,-P,, H3C-CH»-Py,

A
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@ Monomers for free radical polymerization
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Cl F CN COOR

ethylene  vinylchloride  vinylfluoride acrylnitrile acrylates
CN CHj F FT _F
COOR COOR F F F

cyanoacrylates methacrylates vinylidene fluoride tetrafluoroethylene

X X X CH3
NS \N

1,4 butadiene neoprene
styrene a-methylstyrene 2-vinylpyridine 4-vp

Cl

—_

chloroprene
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Initiators

CHs CHs A CHj
NC—(II—NZN—(II—CN 2 NC—C\-
CH,4 CH,4 +2 N, 4 CHj

Azobisisobutyronitril (AIBN)

O-E 5.
AV /O\ /O — 2 C *
0" 00 c* o 2N\~

J e

Dibenzoylperoxide

(BPO) <_> i
\ /C'l O-C
O\
2V
W

cage

Benzoinether

Fe?* + H,0, —> Fe® + OH + OH'
Fenton-Reagenz

AB —= AB™ — A* + B° gamma-rays

AB +e- —> AB” —> A’ + B~ beta-rays

oxygen, peroxides, hydroperoxides,
peracids, peroxodisulfates

Kenngrdssen von Initiatoren:
Halbwertszeit, bei der die Hafte des
Initiators zerfallen ist (gilt fiir eine T)
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Thermally-initiated polymerizations: polymerization in the absence of initiators
- Impurities!
- Styrene and MMA show auto-initiation

X

{1‘4 @ "HC SCH
—|CFo | 000
N

CH’ n
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‘ Free radical polymerization

bulk polymerization of MMA (Polymerisation in Masse)

/

80F 100% 80% 60% 40%
"’
9 10%
» 60 R% |
: T v
=
S 40t
2t :
20 solution polymerization of MMA in benzene
| | | | 1 | | 1 1 1 | 1 | 1 | 1 |
0 500 1000 1500
Time (min)

Figure 3.2  Acceleration of the polymerization rate for methyl methacrylate at the concentrations shown in
benzene at 50°C. (Reprinted from Schulz, G.V. and Harborth, G., Makromol. Chem., 1, 106, 1948. With

permission.)

Hiemenz & Lodge, p. 89
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Next to initiation, propagation and termination there is chain transfer of
various kinds. Chain transfer= H abstraction and transfer of radical

chain transfer with monomer, initiator, chain transfer agents (= modulator/ regler):
P,-H + X* (stable) --> X-H: inhibitor Bu

Py* +H-X HOOOCH3 HO CH,
\ 8y  BHT

Pp-H + X* —==»_ p*
--> X-H: chain transfer agent, R-SH

chain transfer (with polymer):

CszHy

M/\/Yj - . _::>
H, intra- H C4Hq

molecular
short chain branching

- P,-H * %

+ P * H
[
H MV

inter-molecular
long chain branching
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E Technical processes

discontinuous continuous
,batch” c.f. fI_ow
(Chargenbetrieb) reactions

* bulk polymerization (Massepolymerisation)

« precipitation polymerization (Fallungspolymerisation)
« bead polymerization (Perlpolymerisation)

« emulsion polymerization (Emulsionspolymerisation)
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E Technical processes
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;3.0 I?olutlon polyn(;erlslatlon < Bulk polymerlsatlt_)n < Precipitation polymerisation
oth monomer and polymer No solvent, monomer= Polymer not soluble, precipitates
dissolved in solvent solvent for polymer
+ Bulk solution polymerisation % Bulk precipitation polymerisation
Polymer soluble in monomer Polymer not soluble in monomer
_ —— «+ Dispersion polymerisation
o SUSPe“SIOH_P°|¥m9"33t'0“ Dispersed polymer particles stabilized in organic media
,bead” polymerisation : - —
Stirred dispersion, mostly in water, * Emulsion polymerisation
10pm-5mm size, stabilized particles Initiator water-soluble _
polymerisation in droplets Polymerisation in micelles, not in monomer droplets
Initiator monomer-soluble < Miniemulsion
Larger amount of tenside @ Microemu[sion
< Gas phase polymerisation Monomer droplets smaller, Thermodynamic stable
Technologically very important 50-500 nm, Polymerisation in Mixture of two immiscible
Transition metal-initiated, PE, PP monomer droplets Liquids _
- —— Larger amount of tenside
* Solid state polymerisation Small particle size 10-100
In solids or crystals, initiation via nm
lonising radiation or UV
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polymerization of styrene

remember the Trommsdorff-effect for bulk polymerizations!

Styrol -1

F=l

80°C, 40%

90°C

-> polymerize to low conversion ~40% and
distillate off styrene

—> polymerization in reactors with thin layers for
efficient heat dissipation

- use chain transfer agents

Styrol

C

R

ﬂ ) PS-Schmelze, Granulat

bl

Styropor: 200-fache

VergrofRerung

=
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Emulsion polymerization: H20, monomer, tenside, initiator (water-soluble)
-polymerization in micelles
-efficient cooling

Systems:
« Styrene, butadiene
 VC, -acrylate-, vinylacetate-copolymers

Applications:
Rubber, e.g. SBR
Coatings
Adhesives

Paper coatings

Deformation Film Formation
-H,0O Entanglement /

Tg<100°C ‘ \
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@ Bead polymerization (,Perl-Polymerisation®)
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Water, monomer, initiator (hydrophobic), sometimes stabilizing polymers

/J 2,
SchutzkoIIO|d
@ @ (e. g. water-soluble
fJ\J Polymers such as PVA)
Monomer-soluble initiator

Particle diameter adjusted by stirring speed (~ 100 Um — mm)

bead polymerization are bulk polymerizations with water as efficient cooling medium

Applications:
: R 0
- lon exchange resins | TR CISO.H 1 on
. . —_— —_—
- Merryfield resins /w I
l CH,O/HCI Kationentauscher
—_—
cl N'Rs
Menyfield Anionentauscher
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E Bulk precipitation polymerization: PVC
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Polyvinylchlorid (PVC)
M I-MM
PVC I
Cl Tg =70°C \L
-HCl
Cl
® — 3o
O, D
T Cl
L long chains are not soluble in monomer
— + c—c - precipitation
Hart-PVC: Weich-PVC:
« Fensterrahmen - Kabelummantelungen
» Fassadenelemente * FuBlbodenbelagen
« Rollliden « Schlauche (Medizin)

* Beschichtungen
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preferred technical processes for polymer production

z: Ziegler-Natta, m: metallocene, r: radical, c: cationic, a: anionic
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Controlled radical polyerization

CRP

i-“\
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Reviews:

1) Atom Transfer Radical Polymerization:

Chem. Rev., 2001, 101 (9), pp 2921-2990

2) Metal-catalyzed living radical polymerization
Chem. Rev., 2001, 101 (12), pp 3689-3746

3) Controlled/living radical polymerization: features,
developments, perspectives

Prog. Polym. Sci. 2007, 32, 93

4) New polymer synthesis by nitroxide mediated
polymerization Chem. Rev. 2001, 707, 3661-3688

Controlled Radical @arpRet
Polymerization Guide
ATRP | RAFT | NMP

http://www.sigmaaldrich.com/c
ontent/dam/sigma-
aldrich/docs/SAJ/Brochure/1/c
ontrolled-radical-
polymerization-guide.pdf

Editor(s): N V Tsarevsky, B S Sumerlin
Print ISBN: 978-1-84973-425-7

PDF elSBN: 978-1-84973-742-5
DOI:10.1039/9781849737425

Fundamentals of
Controlled/Living Radical
Polymerization
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Terms used throughout the literature: « ,Controlled radical polymerization”
.Living polymerization" « ,Living free polymerization”
« ,Quasi-living polymerization® .Living free radical polymerization®

Jiving“ scontrolled”

b 1.1-1.2
* Pre-defined MW
* MW increases linearly with p
 End group control

* Possibility to make
well-defined block
copolymers

* no chain
termination

 no chain transfer

* not necessarily
small b, for slow
initiation D up to 1.3

fast
Initiation
- D 1.0-1.1
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E DP, conversion and time
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Linear behaviour of
In [M,]/[M] versus t
(first order with respect

linear increase of DP with p,
pre-defined molecular

weight to monomer conc.)
DP e
In )
D t
[M],_
DP= p[M]/[l], I“ﬁ' kt

—> compare a plot of DP versus p for step growth and free radical polymerization!

Polymermaterialien 19 FRP and CRP
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Advantages and possibilities of controlled radical polymerization

Structurally defined polymer architectures

* Pre-defined molecular weight and narrow distribution (D< 1.2)
 End-functional polymers

« Block, graft and star copolymers

narrow distribution
P ~1.1-1.2
N

N R

—~
’\-/_J

— ==

broad distribution
(step growth, free-radical)

b 1.5-2
/\/‘\/

N,
M/

[
__\/\_

end functionalization

block copolymers

S "= A

end functional

X X diblock copolymer
telechelics é\\ﬁ%/

bis-end functional

graft copolymer

S

comb polymer

triblock copolymer

A~

triblock terpolymer

star block copolymer

Polymermaterialien
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e | Advantages and possibilities of controlled radical polymerization
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Narrow molecular weight distribution (how narrow is” narrow" ?)

SEC (size exclusion chromatography) or MALDI-ToF: matrix-assisted laser
GPC Gelpermeationschromatographie desorption ionisation time-of-flight
18hours & p=1 1 M, maLoi= 4036 g/mol
B hours ‘ E= DMALD|= 1 01 4
4 houars i (= M, gpc= 7900 g/mol)

P=2.0
v

18 hours [control)

P P L Ll

e

L e
i e = s T e T T e
e PR TR L Ll L "
"
a
[
a
n
Fl
n
H
a
n
a
a
a
1
1
1
]
]

= P .:; e e
A A R n=17 n=33
| T T | ETTT EEE AT |
107 1¢1 10 108 107 ' \IL | l i MWWMMLJLJQ \‘Z
mokecular weight (polystyrens equivalents) 30'oo 40'oo ' 50100 '
m/z

Chiefari et al., Macromolecules, 1998, 31, 5559 Kohn et al. ACS Macro Lett 2012, 7. 1170
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E Principle of controlled radical polymerization
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CRP: reducing the concentration of radicals by reversible termination:

-> Probability for chain-chain recombination and disproportionation is drastically reduced
- Probability for transfer is drastically reduced

- Reduced radical concentration leads to slower kinetics (smaller k)

- K, <k;: fast initiation compared to propagation leads to narrow distribution

P*: active species:

l:;gcviis polymer radical, can add
monomer
p* 4 T* ki P_T T*: stable radical or
&, - species that only reacts
M with polymer radical but
dormant does not add monomer
species P-T: dormant species,
inactive

Applies to ATRP and NMP, RAFT is different!
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ATRP: First examples

CuCl
b|py
bqu 130 °C

Initiation
kact
R-CI + Cu' L, R* + Cl-Cu'lL,
kdeact
*M K; l M
kact
R-M-Cl + Cu'L, RM* + Cl-Cu'lL,
kdeact
Propagation
kact

P* + CI-Cu''L,

Kgeact Qn)

ky

P-Ccl +cCu'L,

Cl

0 0.2 0.4 0.6 0.8 1
cony.

Figure 1. Dependence of molecular weights and poelydispersities on
conversion in bulk polymerization of styrene at 130 *C with [1-PECl]q
= (1.1 mol/L, [CuCl)ly = 0.1 mol/L, [bpy]le = 0.3 mol/L.

Matyjaszewsji, JACS 1995, 117, 5614
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g5 Commercial initiators based on EBIB
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ATRP initiators based on Ethyl a-bromoisobutyrate (EBIB)

oo Ao SN
Br CHi \ “'Sﬁ, wn—gr

Difunctional initiator Trifunctional initiator
Aldrich Prod. No. 723177 Aldrich Prod. No. 723183

D""ﬁ\“\-,f’ \|)< ?)I\DWS Br Br Er

Hydroxy initiator Biodegradable (disulfide) initiator
Aldrich Prod. No. J22120 Aldrich Prod. No. }'2316'; \%/\D/\g/
/\(’\/},’ \“/k HG\“)(BF H \I/k
11
o B: B

Allyl initiator Dodecyl initiator Stearyl initiator Tetrafunctional initiator Hexafunctional initiator
Aldrich Prod. No. 223215 Aldrich Prod. No. 723223 Aldrich Prod. Mo, 723231 Aldrich Prod. No. 223193 Aldrich Prod. No. 723207

http://www.sigmaaldrich.com/materials-science/material-science-products.html?TablePage=111766260
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= Ligands for ATRP
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The structure of ATRP ligands controls concentrations of active and dormant species

- r"‘ﬁ,
Cu'YiLigand (Y = Br or Cl) { EHI 3
with EtBriB in MeCN at 35°C a“d
.'
104
—_ 1
‘o 10 1
= 1u"~
"—"E 1n.1 ..r S
3 1.1x10°
= 1ur*- 250
10"’]

Tang, Matyjazewski, Macromolecules, 2006, 39 (15), pp 4953—-4959
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= End group modification of ATRP polymers
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End group functionalization of NaN, DMF ,Q\I,)NS
Bromide-terminated polymers \ R
made by ATRP 1SN, HNHz
2. LiAIH, L
d Br A SMe; W
ye - ‘NIH TiCl,, DCM R
labelling L
Bu;SnH NH
H R
L b 2
_—
DMF OO R R Br )
K2COy @ AN
80 °C —_—

=1
P(n-Bu P*Bu
0>"N"0 BLAUCEING h’) °
Yo i
— H
= PBI HN " 0H NN\/\OH
Et,N
R
PBI
n 1. NaSCOMe, acetone SH
_h.
R 2. MeONa, DCM R

Polym Int 2014; 63: 803-813
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E Advantages and possibilities of controlled radical polymerization
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Quantitative end group functionalization enables block copolymer synthesis
Example: Triblock terpolymer synthesis using HO-EBiB and ATRP

bifunctional @~/ +nM, @ gj HO-Ebi-Br

initiator ¢

HO-PS-Br
‘1' m_ M20 . OI) ¢
GULOE® « | L
oM. ) 1O~ e HO-PS-b-PMMA
3 n m
s O
e « X ’“6% ) 6 ¢

PCL-b-PS-b-PMMA I
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= Microphase separation of block copolymers
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lamellae gyroid hexagﬁ?ﬁgggc‘(ed bodz;&l:)t;l;(l’ed
UL K RaEy (7 U
Ve e c/ O
OO0 O
Vel el B £
120
90 —
|.W. Hamley et al. N g0
Curr. Op.
Solid State &
Mater. Sci. 30—
8 (2004) 426-438
0 |
0 0.5 1.0
£
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E ‘ Sacrifical block copolymer templates based on gyroidal PFS-b-PLA

CHEMNITZ

Scherer et al. Adv. Mater. 2012
Polymermaterialien 29 FRP and CRP




E Sacrifical block copolymer templates based on gyroidal PFS-b-PLA
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Scherer et al. Adv. Mater. 2012
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E Nitroxide mediated polymerization NMP
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X X
n n
Ibenzoy OR °
peroxide l #Né 125 Cl 6/§
130 °C
O\
n N O«
® ® On A
TEMPO:

2,2,6,6-tetramethylpiperidinyloxyl

» C-0 Bond thermally unstable - equilibrium between two radicals and covalently attached nitroxide
« Nitroxide stable enough to not initiate polymerization, but recombination with growing chain possible
« Two component initiator system (free radical initiator + nitroxide) or unimolecular alkoxyamines

Georges et al, Macromolecules 1993,26, 2987-2988
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TEMPO-based TIPNO-based water soluble

5P 5K B0 Ao

2,2,5-Trimethyl-4-phenyl-
3-azahexane-3-nitroxide
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E ‘ Alkoxamine synthesis
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Nitroxide synthesis @

Zn, NH4Cl , .
EtZO H,0 X THF 0,

Alkoxamine synthesis Q
_N\ /N_
Mn
I@ I@ o/C|:I\O
/i\ Mn(salen) )V

93 % /\ ’\

2,2,5-Trimethyl-3-
(1-phenylethoxy)-
4-phenyl-3-azahexane

Mn(salen) ,Jacobsen kat"

Hawker et al, JACS 1999, 7121, 3904
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= RAFT: Reversible Addition-Fragmentation Chain Transfer Polymerization
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Aim: radical polymerisation with controlled character using RAFT
Idea: free radical polymerisation in the presence of dithioester

Free radical Bhours | &

X j co i
n o
il AIBN l; 1
+ N T N SAN Il ! 18 hours {oontral)
b

Styrol  Acrylnitril

RAFT S

Il 107 1gt 10 10° 107
molecular weight {polystyrens equivalenis)

Chiefari et al., Macromolecules, 1998, 31, 5559
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E RAFT: Reversible Addition-Fragmentation Chain Transfer Polymerization
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General structure of RAFT agents :
g weak single bond

reactive double bonds l
S§rS—R <—— R-group

Z-group —> Z

Ss S\P Sﬁ,S\// S§(S+COZEI SQrS\//
é CN S CN (O N_ CN

Dithioester Trithiocarbonate Xanthogenate Dithiocarbamate

Barner-Kowollik, Perrier, J. Polym. Sci. Polym. Chem. 2008, 46, 5715
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1. Initiator decomposition and initiation

@—N:N_é 60 °C 2A' M

CN -N, NC

P. + S<__S-R i P—S_._S-R i P—S__S + R
n \ n B — n /
Y K o h , ¥
M Z Z Z
kp
3. Re-Initiation
M M M
R — P > = P
km kp kp
4. Main equilibrium
P+ S S-P. P_S__S-P M p_s 5 , p
m \ n e — m - n ~ m /
Y K o h K hd
M Z Z Z
k
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End groups of Macro-RAFTs for [M]/[RAFT]/[1]=72/10/1

8 RAFT chains S

10 72 2 chains with initiator )S,\
s..s-R © —O000000-s 2
Y —
z T R-N=N-R’ 1 chain recombined
0000000000 0--

or 2 chains disproportionated

R—O000@@—r

Keddie, Chem. Soc. Rev. 2014, 43, 496
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Block copolymer synthesis via RAFT

8 RAFT chains S

6 RAFT BCP chains S
- 000000000000
2 Initiator BCP chains i

)L R—OCOOQ0Q 000099-s Z
—O0000@-s - 2 2 Initi S
79 nitiator Homop. )L
0000095 2
10 72 2 chains with initiator )SL @ 1 chain recombined
s. s-k @ - O0000Q-s — - R™-N=N-R’ -00000000000 -
Y —
z 1 R-N=N-R" 1 chain recombined or 2 chains disproportionated
00000000000 000000
2 BCP chains disproportionated
or 2 chains disproportionated 000000000000
- 000000
or 1 triblock chain recombined
000000 000000000000000000+
Keddie, Chem. Soc. Rev. 2014, 43, 496
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E ‘ Optimal choice of RAFT reagent
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F|1 H ﬂH] I:Ha H o a]
.. ;. ‘ ! S NS¢
R -f"“’ R M R ,,;J\“, R g TR NT R
@“‘ ﬁg‘ o 0 0 "

styrenes acrylates  acrylamides  methacrylates methacrylamides  vinyl esters  vinyl amides
Gy
M. .5 N
i ~ et it
5
CiaHyss o 5. €N
S + 4 + — — — —
5

@‘\n/ : \|,<:“ ++ + — +++ -+ — —
0
57.(\)1\.;.” —+ - + +++ bt — —
N

KEN e 4 +4 +++ bt — —

CigMass o 5. N
m M‘;’H b ++ ++ b +++ — —
: L]
5
CaMhs ¢ .-J'L.SX",U" +++ +++ +++ + + — —
0

http://www.sigmaaldrich.com/materials-science/polymer-science/raft-polymerization.html
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E Post-functionalization and polymer analogous reactions
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thiol-isocyanat thiol-epoxide
R-P, s/\/ |
i thiol-ene
/
R - I:)n_ S NH =
R-P-s”
¢
R’-NCO ’
Base R -
Macro-RAFT iok-yne
R ——R R’
Y —= RePest - R-P-s” Y
R-P -
R"-X _ _
thiol-halide
Base
thiol-Michael (
EWG
/\/EWG R _Pn_S_R,
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W | comparison ATRP - NMP - RAFT
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Vorteile RAFT:

« Keine Metalle
 Mildere Bedingungen

* Breite Monomerauswahl
* Hohe Molmassen

Nachteile RAFT:

« Farbige Polymere

* Licht- und warme-
empfindliche Polymere

 Geruchsintensive
Nebenprodukte

Vergleich mit ATRP und NMP:

CTA
Displacement/
Recovery

Micro/
inverse
emulsion

Braunecker et al., Progress Polym. Sci. 2007, 32, 93
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