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Polymers made by
radical polymerisation
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 Relevance and typical examples of polymers made by free
radical polymerization (FRP)

« General aspects

 Elementary steps

« Monomer range

« Norrish-Trommsdorff-effect (gel effect)

 Technical processes

« Controlled radical polymerization (CRP)
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armes | RElEVANce of free radical polymerization (FRP)

CHEMNITZ

< 1% Hochleistungs-Kunststoffe

,High Performance Polymers"
PEEK, F-Polymere, LCP, PPS, PEI, PES

ca. 16% Technische Kunststoffe
.Engineering Plastics”
PC, ABS, SAN, HIPS, PP, PMMA, PA, PBT

84 % Standardkunststoffe

.Commodities”

Polyethylen PE (HDPE, LDPE, LLDPE)
Polypropylen PP

Polystyrol PS

Polyvinylchlroid PVC
Polyethylenterephthalat PET
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= ‘ Industrial polymers made by FRP
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mscenmesy | EMUISIONs and water-borne coatings

CHEMNITZ

quuIsion Polymers
- Systems:
» styrene, butadiene
» VC-, acrylate-, vinylacetate-Copolymers

- Applications:
> Rubber, e.g. SBR
» Coatings
» Adhesives
» Paper coatings

i

Deformation Film Formation
-H,0 Entanglement /

Tg<100°C ‘ \
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E FRP is a chain growth process

CHEMNITZ

monomer

P
« High molar mass for low conversion

« Kinetics: d[M]/dt, dilatometry, gravimetry
« Variants: radical, ionic, catalytic

DP I
Carothers I
DP=1/(1-p)
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« High molar mass only for high p
* Kinetics: end group titration, NMR
 Polycondensation, polyaddition
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TECHNISCHE UNIVERSITAT Elementary Steps Of FRP
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1) Initiator ks
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
) N

t
R-M*+*M_-R > R-MH+7M_R disproportionation

Pr-GH-CH;* P,-CH=CH, /
=+

—_— +

H *CH,-CHx-P,, H3C-CHx-Py,

y N
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Initiators
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CHs CHs A CHj
NC—(F—N:N—(IJ—CN 2 NC—C\-
CH3 CH3 + 2 N2 4 CH3

Azobisisobutyronitril (AIBN)

@ O 2co, —
U /O\ //O —— 2 C —_— ¢
0“0 = 2\ F°

Dibenzoylperoxide @)

(BPO) @C. .o—'c':@
|
Y

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

Important parameters:

« Half-life (for one T)

 Radical efficiency f=0<f<1

* (not all radicals start polymerization >
cage effect!)
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camsaromess | AUtO-INItiation of styrene

CHEMNITZ

Thermally-initiated polymerizations: polymerization in the absence of initiators
- Impurities!
- Styrene and MMA show auto-initiation

X

"HC ScH
AORGE @
N
CH’ n
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TECHNIS%VERSITAT M Onomer range

CHEMNITZ

=\ =\
Cl F CN COOR
ethylene vinylchloride vinylfluoride acrylnitrile acrylates
CHj F R F
OCOCH;  COOR F F F
vinyl acetate methacrylates  vinylidene fluoride tetrafluoroethylene

5 & o~ =<

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

~
~ \\ ’/
L 4 ~ ’; \~

isobutylene propene

Cl

chloroprene
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TE(HNIS%VERSITAT M onomer range

CHEMNITZ

=\ =\
Cl F CN COOR
ethylene vinylchloride vinylfluoride acrylnitrile acrylates
CHj F R F
OCOCH;  COOR F F F
vinyl acetate methacrylates  vinylidene fluoride tetrafluoroethylene

5 & o~ =<

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

Cl

chloroprene

~ .~ - . H radical abstraction
X ,ﬁ\ — =\ HZC_\\ leads to stable allyl

-RH CHy’ radical

isobutylene propene L _
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HH Chain transfer
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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

/
P.* + H-X HOOOCH3 HO CH3
\ 8y’  BHT

PiH + X* —==»_ p*

--> X-H: chain transfer agent, R-SH

chain transfer (with polymer):
C3Hy

N\/\Yj _:>
H, intra- y
molecular H C4Ho

short chain branching

+P.* H .
| P,-H - HC
H - T s,
inter-molecular
long chain branching
1 Radical polymerization
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= Trommsdorff-effect (gel effect)
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bulk polymerization of MMA (Polymerisation in Masse)

solution polymerization of MMA in benzene
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Figure 3.2  Acceleration of the polymerization rate for methy] 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.)

Lodge, p. 89
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Trommsdorff-effect (gel effect, glas effect)
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« quasi-stationary (Bodenstein)
2V, =V,

« gel-effect (Trommsdorff): auto-
acceleration due to reduced
termination (diffusion of chains
slows down) = v, > v,

CAUTION: danger of explosion
—> Heat dissipation is a problem!

« glas effect: diffusion is further
reduced until the reaction stops
at p~80-90%

Synthetic methods

Radical polymerization



TECHNISCHE UNIVERSITAT ReaCtion engineering
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+ Solution polymerisation
Both monomer and polymer

dissolved in solvent

+ Bulk polymerisation
No solvent, monomer=
solvent for polymer

% Precipitation polymerisation
Polymer not soluble, precipitates

% Bulk solution polymerisation
Polymer soluble in monomer

+ Bulk precipitation polymerisation
Polymer not soluble in monomer

+ Suspension polymerisation
,bead” polymerisation
Stirred dispersion, mostly in water,

polymerisation in droplets
Initiator monomer-soluble

10pm-5mm size, stabilized particles

% Dispersion polymerisation
Dispersed polymer particles stabilized in organic media

++ Emulsion polymerisation
In water, initiator water-soluble
Polymerisation in micelles, not in monomer droplets

% Gas phase polymerisation
Technologically very important
Transition metal-initiated, PE, PP

% Solid state polymerisation
In solids or crystals, initiation via
lonising radiation or UV
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@ Technical processes of important polymers

CHEMNITZ

preferred technical processes for polymer production

z: Ziegler-Natta, m: metallocene, r: radical, c: cationic, a: anionic
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@ ‘ Industrial production of PS

CHEMNITZ

- CH=CH,

CH,CHs
+ H2C CH2 e
Kat

remember the Trommsdorff-effect for bulk
polymerizations!

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

styrol "l -> polymerization in reactors with thin layers for
efficient heat dissipation
- use chain transfer agents

80°C, 40%

0°C Styrol

ﬂ 200 °C /
[[I_l_lg;lggj,i—‘lﬂ ) PS-Schmelze, Granulat

_Re Ps
Tg =100°C
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Industrial production of polyvinylchloride (PVC)

PVC
Cl Tg=70°C
cl T-HCI
\ O,
T Cl
+

Cl—ClI

- precipitation

PVC (hard):
 window frames
* pipes

* Face elements
e roller blinds

-
© B

long chains are not soluble in monomer

!
5 Q)

e

PVC (soft):
e cabel insulation

< foils

« floor coverings
« tubings (medicine)
* laminates
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marmess | RAdICal polymerization of ethylen: ICI process
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ICI: 1936 (high pressure PE: 2000 bar, 200 °C) - low density PE (LDPE) 2 short
chain branching

C,H,
C,H, (supercritical) _ I
(CH,),C-0-0-C(CH,)
e > < > LDPE
6 m; 30 sec (1000 m/s) l

particle diameter > 10 ym

3H7
_mm Short chain branching: 10-20 C/1000 C
(°C 130 130 200 Long chain branching: 0,1-1 C/1000 C

kp/kabb 005 07 30
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B | Bead polymerization (,Perlpolymerisation®)

TECHNISCHE UNIVERSITAT
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two phase system, polymerization in monomer droplets,
Initiator is hydrophobic

protectlve colloid
QLL\ (e. g. water-soluble

polymers such as PVA)

monomer-soluble initiator
particle diameter ~ stirring speed

bead polymerization are bulk polymerizations in principle
with water as efficient cooling medium

Applications:
: R 0
lon exchange resin ©/\ | cisos i
y)
l CH,O/HCI Kationentauscher
Cl N'R,
Merryfield Anionentauscher

Synthetic methods 1 Radical polymerization



TECHNISCHE UNIVERSITAT EmUISion p0|ymerization
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Typical components:
-water insoluble monomer
-water-soluble initiator
-emulsifier (soap)

-buffer

-water

Quantitative theory of

Smith and Ewart

- every second micelle is
loaded with one polymer
chain

- No recombination! - higher
MW

Difference compared to suspension polym.:
Polymerization takes place in micelles and not in
Monomer droplets (initiator solubility!)

- why? # micelles >> # monomer droplets

Monomer
@=1pum
R.

Mizellen

_O @=35nm
e s R O\C{?Mﬁo
i Q?}) i G W o
o
OIS S b

O/ \O Mizelle mit Monomer
C{ éb und Polymer (Latex)
@ =20nm
Mit Monomer gequollene
Mizelle

@=45nm
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Emulsion Polymerisation

@ Surfactant Molecule
___® |nitiator Molecule

= Emulsion polymerization

= H,0,, H,0, /Fe?*

Emulsifier = Surfactant

e.g. Sodiumdodecyvlsulfat = SDS)
O

0—S—0 *
8 I Na
Q

Per Latex: 1 Radikal
Chain termination and

Vp Smith/Ewart
Initiation with |-

il Phase |: v, ~ v,
Phase II: v = const
Phase lll: no monomer droplet

Synthetic methods
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TECHNISCHE UNIVERSITAT EmUISion p0|ymerization
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Typical polymers made by emulsion polymerisation:
« PVC

« PS

 Polyacrylate

 Polyvinylacetate

Advantages:

- water as medium

- Efficient cooling (no NTE)

- Direct use of emulsion for e.g. paint production
- Facile stirring

Disadvantages:
- Contaminantes (emulsifier etc)
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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
T N

~_— =

—~
_——\-/-/

—— -

broad distribution
(step growth, free-radical)

b 1.5-2
/\/\/

~_—
~—/
’—\_/——/

—VL

end functionalization

block copolymers

X —— (U\/\/D/\-/\/\/

end functional

X —e—X diblock copolymer
telechelics

bis-end functional

graft copolymer

S

comb polymer

triblock copolymer

N~

triblock terpolymer

star block copolymer

Synthetic methods
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e | PYINCIPle 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:

/;\;;lcvizs polymer radical, can add
. monon;;ler il
T*: stable radical or
p* + T* o P-T species that only reacts
with polymer radical but
M dor mant does not add monomer
species P-T: dormant species,
inactive

Applies to ATRP and NMP, RAFT is different!
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msarmmeas | CHAIN length, conversion and time for CRP

CHEMNITZ

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 In s
M]
) t
M],_
DP= p[MI, /I, 0"y = Kt

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

First ATRP initiator: secondary chloride

5%

Cl
N CuCl
h by

bqu 130 °C

Initiation
kact

RClI+Cu'Ly, ~—— R* + CI-Cu'L,
kdeact

*M K; l M
kact

R-M-Cl +Cu'L, ~<——— RM* +CI-Cu'L,
kdeact

Propagation
kact

—

P-Cl +Cu'L,

Kdeact @

kp

P* + Cl-Cu'lL,

conv.

Figure 1. Dependence of molecular weights and polydispersities on
conversion in bulk polymerization of styrene at 130 *C with [1-PECl]q
= (1.1 mol/L, [CuClly = (.1 mol/L, [bpy]la = 0.3 molL.

Matyjaszewsji, JACS 1995, 117, 5614

Synthetic methods

27

Radical polymerization



‘ Commercial initiators based on EBIB

CHEMNITZ

ATRP initiators based on Ethyl a-bromoisobutyrate (EBiB), a tertiary bromide

H3C%’k o 2 i?o T’Ji
e 4 TRy

Difunctional initiator Trifunctional initiator
" Aldrich Prod. No. 723177 Aldrich Prod. No. 723185
Br Br
HO/\/O\'/l< 0/\/5 \S/\/O\I)( Br Br
0 (0]
0 0~ Yo\ &
Hydroxy initiator Biodegradable (disulfide) initiator
Aldrich Prod. No. 223150 Aldrich Prod. No. 723169 o 0
o
0 Br (o) Br (0]
A’)’ \(\’):] ’(\’T HAO o)\](
9 Br Br
0 (0]
Allyl initiator Dodecyl initiator Stearyl initiator Tetrafunctional initiator Hexafunctional initiator
Aldrich Prod. No. 223215, Aldrich Prod. No. 722222 Aldrich Prod. No. 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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The structure of ATRP ligands controls concentrations of active and dormant species

i .
Cu'Y/Ligand (Y = Br or Cl) Q E’*Ihj
with EtBriB in MeCN at 35 °C | --;.-IN U
10°4
. 1
'O 10+ N
s 10% ( J
‘8
16 11.1x10°|
x 10‘2 - . zm
| N
10°] N .

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_ MNS
Bromide-terminated polymers \ R
made by ATRP o il NH,
2. LiAIH, ’Q\ﬁ
Br ZNSiMey =
Idyt:a i N/n TiCl,, DCM 'P\Hr)’\/
abellin
g R Bu;SnH ‘P\HH

A "0H

-
DMF OO . R Br
K2CO3 ‘ W W
80 °C OO Cu(0), CuBr

R
P(n-Bu P*Bu
0>"N"0 i H :
Yo i
- H
= PBI HN ™ >""0H MN\/\OH
Et,N
R
PBI
n 1. NaSCOMe, acetone SH
_h.
R 2. MeONa, DCM .

Polym Int 2014; 63: 803-813
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Advantages and possibilities of controlled radical polymerization

Quantitative end group functionalization enables block copolymer synthesis
Example: Triblock terpolymer synthesis using HO-EBiB and ATRP

HO-Ebi-Br
bifunctional @/ +2M @ FS
initiator . 1 0
HO\/\O nr
bifunctional .m“O HO-PFPS-Br
macroinitiator
0 F
mM, ¥ @ |
diblock 9
e e e ]
copolymer 3 b .OO% *\/\/\I(O 0 -’
> °
PCL-b-PFS-Br F
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= Microphase separation of block copolymers
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hex agonal-packed body-centred

lamellae gyroid cylinders i

120
90
|.W. Hamley et al. N
Curr. Op.
Solid State &
Mater. Sci. 30—
8 (2004) 426-438
0 |
0 0.5 L
f
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ey | OACTIfical block copolymer templates based on gyroidal PFS-b-PLA
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Silane

Scherer et al. Adv. Mater. 2012
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@ Sacrifical block copolymer templates based on gyroidal PFS-b-PLA
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iy ' - -
e L A
- o 3 Y - . =

Scherer et al. Adv. Mater. 2012
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