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Polymers with Controlled Architectures

Many Natural Polymeric Materials € Perfect Monodisperse Macromolecules
Successive condensation of monomers with polymer end-groups activated by enzymes

“Living”/Controlled Polymerization
Radical, Cationic, Anionic, ROMP, Coordination

Synthetic Polymeric Materials (via Chain-Growth Polycondensation)

with Controlled Architecture
Dendritic Macromolecules & Linear Oligomers
(Stepwise synthesis via Step-Growth Condensation)
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Dendrimers

’ Commercially Available Dendrimers ‘
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Frécher's Dendron
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Synthesis of Dendrimers
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Well-Defined Dendrimers

%

”

c)

i

Layered

Tailored

Frechet J. M. J. et al. Chem. Rev. 2001, 101, 3855.

Well-Defined (Monodisperse & Controlled)

Branched vs. Linear & Folded
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“Living”/Controlled Polymerization
vs. Step-Growth Polymerization

“Living”/Controlled Polymerization ‘

‘ Step-Grcfwth Polymerization ‘

DP = 1/(1-p)

(]
>0
£l Molecular Weight (DP)

Contfol of Molecular Weight
DP, = (1+n/(1-1),ifp=1
r = [A])/[B], p = conversion

livin / MW/Mn . 1+p

lfp=1,PDl=2

Conversion
step

0 conversion 100%
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Types of Chain Polymerizations of Various Unsaturated Monomers
Types of Initiation

Monomers Radical Cationic Anionic
Ethylene + - +
1-Alkyl olefins (a-olefins) - - -
1,1-Dialkyl olefins - + -
1,3-Dienes + + +
Styrene, a-methyl styrene + + +
Halogenated olefins ® - -
Vinyl esters (CH,=CHOCOR) ® - -
Acrylates, methacrylates + - +
Acrylonitrile, methacrylonitrile + - +
Acrylamide, methacrylamide + - +
Vinyl ethers - + -
N-Vinyl carbazole + + -
N-Vinyl pyrrolidone + + -
Aldehydes, ketones - + +

Exceptions: —\  ZN ‘ﬂ/ ® .2
(CHa)H ) OR
a-olefins 1,1-dialkyl olefins vinyl ethers

o o]
Ring Opening: =< j E—— —(CHz—C—OCHzCHzt
o)
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Living Polymerization (LP)

Controlled Polymerization (CP)

Living Polymerization and Polydispersity - Weak Correlation
a. Chain-breaking reactions: increase of DP,/DP with increasing DP_ and conversion
b. Slow initiation and slow exchange: decrease DP,/DP, and DP, with increasing conversion
c. Polydispersity alone is a poor criterion for judging the living character of a polymerization
1. Living polymerizations can have DP,/DP, > 2 (slow exchange)
2. Polymers with DP,/DP, < 1.1 can have 50% terminated chain ends

LP
&
CP
Living Polymerization: Controlled Polymerization:
Chain growth Chain or Step growth
No chain breaking (no transfer/termination) Limited chain breaking possible
- slow initiation possible - fast initiation
- slow exchange possible - fast exchange
- uncontrolled molecular weights possible - controlled molecular weights
- high polydispersities possible - low polydispersities
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Experimental Evaluation of “Living”/Controlled System

Necessarily, R, = R, = 0 (a truly living system)

Ideally, R; > Ry, Reyen 2 Ry, propagation is irreversible

When these conditions hold, the following can be used to experimentally evaluate the livingness of a polymerization:
DP,,/DP, ~ 1 + 1/DP,,

Mo DPy
™] DP,

time conversion (%) conversion (DP,)

Real Systems

Overall Effect®

Kinetic characteristic on Ry on Mp/My, th on DP,,
slow initiation (rel. to propagation) L T T
slow exchange (rel. to propagation) (%) /L (%) /T T T
transfer ( to anything other than polymer) %) l T
termination ! % i

a T =increase; l =decrease; J = unaffected
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Conventional vs. Controlled (Radical Polymerization)
» Conventional Radical Polymerization
Kg .
! . 2R T~80+20°C ]
R°+ M ——» Py ky~ 105 s1 - / |MW/Mn >15
bl M ko b kp ~ 103+ M-1gl /
) } k.~ 1071 M-1s°1 /
Ph + Pp —> P+ P~
L. . ) . ° o2 CO()Anversi([;.n6 o8 !
> “Living”/Controlled Radical Polymerization
ka T T
R—X —~———— R+ X ; 3
ko T~120+20°C - m <15)
R+ M k; Py ka~ 100+2 g1 )
SRV Pri1 Ky~ 10?:1 s-ll ) = =M/,
P+ Po— o P P, ko~ 107 Ms
n m kt ~ 1071 M-1g1
ka,_ 0 02 0.4 06 08 1
Pi—X —~———— Py + X Conversion
Kg
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Controlling Radical Polymerizations
a. The problem with conventional radical polymerizations:
1. diffusion-controlled termination (k, =107 M1 s?)

termination is bimolecular: R, =k, [M ¢]2

b. The solution: keep [M ®] low through slow initiation:
2. slow initiation
R, =2f Ky [I] (kg =10°5M1s?;[l],=102M)

Therefore, high polymer is still possible in spite of the high termination rate constant
because of slow initiation and termination rate (WARNING! rate = rate constant!).

c. Designing a Controlled Radical Polymerization - HOW?
1. By definition, R; 2 R and [l], = concentration of propagating chains.
2. Additionally, for any controlled polymerization:

AM] _ Mo (at full conversion)

[1To [To
consider full conversion for DP, = 1000; [M], =10 M; [I], = 102 M.

DP, =

3. However, from the definition of DP, :

R ky [M] [M e
L p[MIIMe] Ky (M]
t ki[Me] ki [Me]
and:
kp [M]
Mel=% op,

(instantaneous concentration of radicals)
for DP, =1000; [M], = 10 M; k, = 102 M s, k, =10 M1 st [M ] =107 M
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Control of Radical Polymerization

+ Extending life of propagating chains (from <1s to >1 h) (similar rates?)
+  Enabling quantitative initiation (From R << R, to R;>>R)

+  Controlling DP,, (D[M]/[I],), MWD, Functionality, Composition, Topology
+ BY EQUILIBRIA BETWEEN RADICALS AND DORMANT SPECIES

kact
PpT ——=— P*+T*

» Reversible deactivation by coupling

kdeeu:'(
— Nitroxide-mediated polymerization Q&)
Monomer
» Reversible deactivation by atom transfer Kact

PrX+ ML == p*+X-Mt""Y/L

- ATRP Ko w
» Degenerative transfer Mo:omer

- Alkyl iodides Ky

- Unsaturated polymethacrylates (CCT) Pn” + Pm-X T Po-X + P

— Dithioesters (RAFT) QJ w

Monomer Monomer

12/32




RAFT: Reversible Addition Fragmentation Chain Transfer

CH;  CHs s— R CH;  CH, O
—CH -<|:—CH -clzm Sfc/ ka | | /S_CR)
2 2 e CHZ-C—CHZ-C—S—C<
z

CO,CH; CO,CHs Ka

@ CO,CH; CO,CH3

M
kp

= Monomers: Styrenes, (Meth)acrylates,

Acrylic acid, Vinyl Benzoate, DMAEMA, etc CHy  CH, s
= Transfer Agents: Dithioesters —CHz-c—CHz-c—s—c/( QT)
= Initiators: AIBN, BPO cocH, CocH, 2 qg
= [M]: bulk, solution

Mp My/Mp

= [TA],:101to 102 M e Limit< 1.1

= [In]/[TA],: 0.1t0 0.6 Ko/Key < 1072
= Temp: 60-150 °C
= Time: 2-20 hours
= Blocks: possible but limits

theo
My

Conversion Conversion

Moad, G.; Rizzardo, E. et. al. Macromolecules 1998, 31, 5559; 1999, 33, 2071
Le, T.P.; Moad, G.; Rizzardo, E.; Thang, S.H. PCT Int. Appl. WO 9801478 A1 980115.
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Nitroxide/TEMPO Polymerization Q .
¢O
EtO/P\
OEt
H H Kact H
——CH,-C—CH,-C—0—N —~——=__  —CH;-C—CH,-CH*  *O—N Tordo, P.; Gnanou,Y.
Kdeact ACS Symp. Ser. 1998 685, 225.
CgHs CgHs CeHs CeHs
= Monomers: Styrenes & comonomers M N—O*
= Initiators: Alkoxyamines or -> Acrylates & Lower Temp >—<Ph
BPO/Nitroxides Additives & New Nitroxides Honker et
= [M]: bulk (Acids, Dicumyl peroxides) JACS 1999, 121, 3904,
= [In],: 101 to 102 M
. X In(Mo/M) M, My/M,y
Temp: 120-140°C ot Limit ~ 1.1
= Time: >10 hours !
+ Selfinitiation dominates R, =
kact/kdeact - 10-11 M
» Side reactions Time Conversion Conversion

(H-abstraction by TEMPO)
Solomon,D.H.,. etal. U.S. Patent, 1986 4,581,429.
Georges, M.K., et al. Macromolecules 1993 26, 2987.
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ATRP: Atom Transfer Radical Polymerization

H H kact H
—CH,—C—CH,—C—X  + ~——=— —CH,—C—CH,—CH* + X
R R kdeact R R
()
= Monomers: Styrenes, (Meth)acrylates, AN, ... M
= Initiators: Alkyl halides or AIBN/XMt™L . Rate =f(K, [RX], [Mt"], [XMt"*1])
= Mt Cu, Fe,. Ru, Ni, Pd, Rh ¢ Ky/Kgoaer = 1010 106 M
= L: Bpy, amines, phosphines,... « Side reactions
= X:Cl,Br, I, SCN,... — potential redox of radicals
= [M]: bulk, solution, emulsion, suspension, — C-Mt bonding
disp.
= [In],; 1to102M "M Mo /s
expt
= Temp: 20-140 °C .
= Time: 1to 10 hours
Mntheo
Time Conversion Conversion

Sawamoto, M.,. et al. Macromolecules 1995 28, 1721.
Matyjaszewski, K., et al. JACS 1995 117, 5614.
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Component for ATRP

ka~1M1s?t .
- . n+l,
+ @ A—— + XM “/Ligand
kga ~ 10" M1t Y
(W),

= Y should stabilize radical by resonance/inductive effects.

— Can be: -Phenyl, Carbonyl, Ester, Cyano, Multiple halogens.
= X must rapidly exchange between Mt"/L & chain end

- Generally a halogen (Cl, Br, ), can be pseudo-halogen (-SCN, -N;)
= M"/Ligand should allow selective & fast exchange.

- M Cu, Ru, Ni, Fe, Pd, etc.; preferred 1 el. redox

— Ligand: adjusts equilibrium, solubilizes metal, assures selectivity.

+ Bipyridines, functionalized pyridines, linear & branched amines, cyclic amines,
phosphines, phosphites, carboxylates, phenoxides, etc.

= Temp., Solvent & Counterion: affect equilibrium, rates & selectivity.
-> Structure-Reactivity Correlation for: R(Y), X, M, Mt, L, S, T, etc.

-> Precise structure of catalysts, active and dormant species
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How ATRP Works: Styrene, CuBr/dNbpy, 110°C

R-R
R~ T . ki< 108 M'ls'lrl,x‘
R ‘
R—X =
N N‘c e K =0.45 M5t .
HaC_pr | * gu ., R
- r‘w N= kg=1.1 10" M1s? @
= '
E RSN R

Frequency of molecular events at chain end; T =1/(k [C])

kp=1.6 10° Mst

Concentrations:

L M]=5M
— activation: t=22s {R!Br] 101 M
- propagation: T = 0.12 ms [Cu'Br/2dNbpy] = 101 M
[Cu"Br,/2dNbpy] = 5X10* M

- deactivation: T = 0.018 ms (6 times faster than propagation !!)

[P*] » 1X107 M

- termination: T = 0.1 s (i.e. 800 times slower than propagation !)

-> Chain wakes up every 20 s, adds monomer only every 120 s (2 min; i.e. 3 h needed for
DP=100) & dies after 100,000s (30 h)

cf> In the case of MA, CuBr/PMDETA, 90°C, chain wakes up every 330 s (5 min), adds 14
monomer units, goes back to sleep for 5 min & dies after 100 days.
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Ligands Used in Copper-Mediated ATRP

ol CF,

il Y,
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N\ 0
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Nano-Structured Materials via ATRP

D y_(l:_x * on ﬁ %. Y_++CH=_‘|:H_)__>(
n
/ [ i R
z |
Z
. o] X= Qther Chemistry
X[ af. N\
4] a -SCN
vok | Y—c—J:—CHz—;:H—}n—Nu rrraneeendt

o
NN
} Q
HoN
He=C— [ ﬁ g i S~ |
2% Ci. Br- MeCO-, MeOC-,  BuOC-, RO-, Ho T AT ‘
| e oH
| ¥-50,- i T \u,\/l\ SiOMel  SiRy
|

Matyjaszewski K. etal. ~ Chem. Rev. 2001, 101, 2921. Chem. Mater. 2001, 13, 3436.
Adv. Mater. 1998, 10, 901. Prog. Polym. Sci. 2001, 26, 337.
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Comparison of Various CRP Systems

» ATRP

+ Especially well suited for LMW functional oligomers ($, rates)
+ May be useful for difficult block copolymers

+ Very good for hybrids and transformations

+ Easy to incorporate end/side functionalities

- Catalyst should be removed/recycled

» RAFT

+ Easy for various homopolymers

+ May be unique for difficult monomers and HMW blocks

- Control of EG limited by % of decomposed initiator, Retardation for LMW, Stars and More
complex architectures?

- New, more friendly transfer agents needed ($$, smell, color, removal)

» SFRP, NITROXIDES

+no metal present

+ alkoxyamines may act as stabilizers

- $, limited range of monomers for TEMPO

- very difficult for MMA even with new nitroxides
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Comparative Advantages of CRPs

LMW

Hybrids End Funct

—ATRP
—NMP
—RAFT

Env Blocks

Water Mon Range

HMW
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COnStItuentS Of CRP/ATRP Mechanisms,

Processes, Materials

Chemistry ® °
7\ \*7 Sl
“N N / Ko~ 1 mlgt N- \
N/ e | N\
P Br + Cu Ph+ BrCut=

Materials ATRP PP

[ecovecee)

X
XXX X x X
Block Copolymers TS % 4l X XX
< %
Q0003aC0 — 1
x Y X X
C()Gr;fllrer‘nelrs Molecular Hyperbranched / Functional Modified Surfaces
poly Brushes Multifunctional Colloids

Mechanisms:

- Catalyst Structure
- Ligand Design

- Model Kinetics

- Polymerization

- Modeling

Processes:

- Catalyst Optimization
- Catalyst Recycling

- Monomer Range

- Functional Initiators
- Reaction Media

- Reaction Conditions
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CRP Controls Molecular & Nanostructures

[cesoceee) COAC0 oy
block copolymer

homopolymer periodic copolymer

QA0A0ACCY  GOACOAA0ACO

random copolymer  tapered / gradient

copolymer graft copolymer

L/ T

linear o \‘
side-functional groups

L/QL Composition &

X y/
Microstucture end- functional polymers '
(G TACTEIEON ™ oo Self-assembly
IRE Y
El‘mh‘ / h‘rujj lele)l(:helic polymers
<= S Drnn

DRSS
RE3s Topology site-specific
viniale functional polymers

network/ FYVYNIVIN
crosslinked
macromonomers

star

X XX X x
Functionality . =
[———>4 e

dendritic / x o
hyperbranched multifunctional Bates & Fredrickson, 1999

> <

Block and Graft Copolymer Morphology

Driving Forces:
1. Minimize domain surface area/domain volume ratio

2. Limited by localization of junction between segments
at domain boundary

3. Entropic limitation - maintain uniform density

24/32
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/,)I 3
B B

AB OBDD ,
Spheres Cylinders Lamellae Cylinders Spheres

Increasing volume fraction of A Phase

Schematic representation of the equilibrium domain morphology in AB block copolymers as
a function of copolymer composition. Included are the BCC lattice structure of spherical
microdomains and the ordered bicontinuous double diamond (OBDD) structure.

polyisoprene
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ly-
poly- i po
stvrene polybutadiene styrene

10-50,000 MW 10-50,000 MW
50-70,000 MW

poly- '
styrene . poly-
f styrene

2\

A
styrene poly-

styrene

1000 A
[ | 27132

<15% 15-35% 35-65% 65-85% > 85%

Morphological changes brought about by increasing the polystyrene content of an AB
poly(styrene-b-butadiene) copolymer. Schematic diagrams are shown above the electron
micrographs and indicate (a) PSt spheres in a PBd matrix, (b) PSt cylinders in a PBd matrix,
(c) lamellae, (d) PBd cylinders in a PSt matrix, and (e) PBd spheres in a PSt matrix (Angew.
Chem. Int. Ed. , 1979, 18, 287).
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A P ™ \ X t | SR
“Knitting with Block Copolymers”
ABC triblock copolymer of poly(styrene)-b-poly(isoprene)-b-poly(methyl methacrylate)

Cover of “Physics Today”, 1999
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Block Copolymers

Methods of Synthesis of Block Copolymers

. Block Copolymers by Anionic Living Polymerization Techniques

. Block Copolymers by Cationic Polymerization

. Block Copolymers by Coupling Reactions between Preformed Functional Blocks
. Block Copolymers by Coordination Polymerization

. Block Copolymers by Conventional Free Radical Copolymerization Techniques

. Block Copolymers by Controlled Radical Copolymerization Techniques

. Block Copolymers by Site Transformation Techniques

. Block Copolymers by Step-Growth Procedure

Types of Block Copolymers

O~NO O WNPE

AB diblock ABA triblock BAB triblock
A B A B A B A B
VAAAA VA AN — AN —
ABC triblock multiblock -(AB)-, multiblock ABCBA
A B C ( A B ) A B C B A
VAN = = h A = - - —— AN
star (AB)3 star (AB)g
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Graft Copolymers

Types of Graft Copolymers

Homopolymer in the backbone, different (co)polymer grafts

poly(A) poly(A) poly(A)
poly(B) poly(B) : poly(B.C) =| =| T
poly(C) R

Copolymer in the backbone, homopolymer grafts

poly(A,B) poly(A)  poly(B)
VASETANY RN AN~ SN
poy@f  §  § e
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Methods of Synthesis of Graft Copolymers
1. “Grafting from” Methods
2. “Grafting onto” Methods

3. Graft Copolymer Synthesis via Macromonomers
(“ Grafting through”)

4. Graft Copolymers by Free Radical Grafting Techniques
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