
Ch1. Introduction

1-1. Types of Polymers and Polymerization
a Polymer Composition and Structurea. Polymer Composition and Structure

- Condensation Polymer- Condensation Polymer
: formed from polyfunctional monomers by  
condensation reactions with the elimination ofcondensation reactions with the elimination of 
small molecules

- Addition Polymer 
: formed from monomers without the loss of 

small molecules



Ch1. Introduction

1-1. Types of Polymers and Polymerization
b Polymerization Mechanismb. Polymerization Mechanism

- Step Polymer- Step Polymer
: formed by the addition of monomer or polymers    
(oligomers) to other monomers or polymers(oligomers)(oligomers) to other monomers or polymers(oligomers)

- Chain Polymery
: the polymer growth proceeds only between monomers 
and reactive site



Ch1. Introduction

1-2. Nomenclature of Polymers
a Nomenclature Based on Sourcea. Nomenclature Based on Source

St > P l ( t )Styrene -> Poly(styrene)
Vinyl chloride -> Poly(vinyl chloride)

6-Aminocaproic acid -> Poly(6-aminocaproic acid)

ε-Caprolactam -> Poly(ε-Caprolactam)ε-Caprolactam -> Poly(ε-Caprolactam)



Ch1. Introduction

1-2. Nomenclature of Polymers
b Nomenclature Based Structureb. Nomenclature Based Structure



Ch1. Introduction

1-2. Nomenclature of Polymers
b IUPEC Structure Based Nomenclature Systemb. IUPEC Structure-Based Nomenclature System



Chapter 2. Step Polymerization

1. Two different bifunctional and/or polyfinctional monomers
-> each monomer possesses only one type of functional group

f f2. A single monomer containing both types of functional group

2-1 Reactivity of functional groups
f lRate of a step polymerization

M1 + M1 M2 
M1 + M2 M3
M M MM2 + M2 M4

• Same reactivity for longer chains
i) Diffusion > combination ratei) Diffusion > combination rate

then combination step is RDS
rxn rate is independent of size

ii) Diffusion < combinationii) Diffusion < combination
the diffusion is RDS
rxn rate ∝ size

Diffusion controlled rxn => very viscous system



2-2 Kinetics of Step Polymerization

2-2a Self Catalyzed Polymerization



2-2a-3 Molecular Weight of Polymer

2 2b External Catalysis of Polymerization2-2b External Catalysis of Polymerization

Catalyzed vs uncatalyzed

If k’ >>> k   -> 2nd order



2-2d-2 Kinetics

When the functional groups have different reactivities

If k1 = k4 AB, AB’
k2 = k3 AB, AB’

If k1 ≠ k2, k1 = k4 & k2 = k3
1. No neighboring group effect
2 No chain length effect2. No chain length effect



2-3 Accessibility of Functional Groups

2-4 Equilibrium Considerations
2-4a Closed System

Polyesterification 1 ~ 10Polyesterification 1 ~ 10
Polyamidation 100 ~ 1000
(K value)



2-4b Open, Driven System

2-4c Kinetics of Reversible Polymerization

Pe : extent of rxn at equilibrium = const.e q
P  : extent of rxn at t               => variable

2-5 Cyclization vs. Linear Polymerizationy y

1. Thermodynamic stability of ring structure
Stability : 3,4 < 5,6,8~13 < 6, n-alkane

2.  Kinetic feasibility



2-6 Molecular Weight Control in Linear Polymerization

i) Quenching the reaction
=> Subsequent heat can change the Molecular Weight

ii) Stoichiometric Control
f l h1. One of reactants are in slight excess

2. Addition of small amount of monofunctional molecule

2 6 Ki ti f N t i hi t i P l i ti2-6c Kinetics of Nonstoichiometric Polymerization



2-7 Molecular Weight Distribution in Linear Polymerization

Flory : A-B monomer system (A-A, B-B)
Polymers with x structural unit

Number fraction distrubution curve for Weight fraction distrubution curve forNumber-fraction distrubution curve for 
linear polymerization

Weight-fraction distrubution curve for 
linear polymerization



2-8 Process Conditions

To obtain polymers with High Molecular Weight
i) Minimize the side rxn

-> cyclization
l h h-> polymerization at high conc.

ii) r = 1 High purity of reactants or stoichiometric balance
iii) Removal of byproduct

2-8c Interfacial Polymerization

⇒ Schotten Baumann reaction⇒ Schotten – Baumann reaction
i) Low temperature polymerization
ii) Diacyl chloride <-> -NH
iii) Diffusion controlled rxniii) Diffusion controlled rxn

rxn rate > diffusion rate
iv) Stoichiometry automatically exist

High molecular weight is obtained regardlessHigh molecular weight is obtained regardless
of the amount of monomers

v) Inorganic base is in the aqueous phase
vi) The choice of organic solventvi) The choice of organic solvent

Polymerization site is organic solvent



2-8d Polyesters
High temperature melt polymerizationg p p y
Two stage ester exchange reaction

2-8f Polyamide



2-9 Multichain Polymerization

2-9a Branching
A-B with small amount of A---A

A
2-9b Molecular Weight Distribution

A

2-10 Crosslinking

2-10a Carothers Equation

Critical extent of rxn for gelation



2-12b Phenolic Polymers

A. Resole B. Novolac
Phenol/formaldehyde = 1/1.2~1.3 Phenol/formaldehyde = 1/0.7~0.8

2-12f Silicon Polymers



2-16 Dendritic (Highly branced) Polymers

•Dendritic polymer => globular shape
•Less attractive force between the polymers
•High solubility & miscibilityHigh solubility & miscibility
•Lower hydrodynamic volume
•Large # of chain end
•Linear protein : bone, skin, nail, muscleLinear protein : bone, skin, nail, muscle
•Globular protein : catalytic, transport, 

regulatory hormonal, other functions

2-16a Random Hyperbranced Polymers
Polymerization of A---B

B

2-16b Dendribmers
⇒Dendritic polymer with a more controlled structure

B

Two Synthetic Procedure
1. Divergent Synthesis
2. Convergent Synthesis

Convergent synthesis of dendrimers



Chapter 3. Radical Chain Polymerization

3-1 NATURE OF RADICAL CHAIN POLYMERIZATION3 1 NATURE OF RADICAL CHAIN POLYMERIZATION

* Comparison of Chain and Step Polymerization
(monomer concentration vs time, Mw vs time)( , )

* Chain Polymerization
- Radical Polymerization
- Ionic Polymerization (anionic, cationic, coordination)

* Effect of Substituent for Vinyl Monomers in Chain Polymerization
- electron donating group ; cationic polymerization possible
- electron withdrawing group ; anionic polymerization possible
- radical : neutral

(b th l t d ti ithd i t bili th di l)(both electron donating, withdrawing group stabilize the radical)

3-2 STRUCTURAL ARRANGEMENT OF MONOMER UNITS

* Two Possible Mode of Propagation
- Head-to-head

Head to tail- Head-to-tail
→ Steric hinderence(kinetics), thermodynamics, temperature effect



3-3 RATE OF RADICAL CHAIN POLYMERIZATION

3-3a Sequence of Events
1. Initiation → Active Center (Radical) ; Ki

( Initiators )( Initiators )

2. Propagation ; Kp

3. Termination ; Kt
( Combination , Disproportionation )

3-3b Rate Expression

- Assumption : Kp, Kt → constantp

- Rp = Kp[M·][M]

St d St t A ti [M ] i t t- Steady-State Assumption : [M·] is constant
[M·] : Generated by initiation, Terminated by termination

- ,



3-3c Experimental Determination of Rp ; rate of polymerization :

1. Physical Separation or Isolation of the Product
- Precipitation using non-solvent
- Distillation : Boiling point (removing monomers)

2. Chemical and Spectroscopic Approach
- using NMR or IR

3. Dilatometry
- Volume Change

4. Other Methods
- Refractive Index
- Heat of Polymerization- Heat of Polymerization

3-4 INITIATION
- Free RadicalFree Radical

a. Homolytic Cleavage
b. As an Intermediate in Chemical Reaction; Redox Initiation
c. By Adding or Removing Electron from Moleculesc. y dd g o e o g ect o o o ecu es

→ Using Electrochemical Device or Ionizing Radiation



3-4a Thermal Decomposition of Initiators

1. Weaker Bond (E : kcal/mol)
→ C-C (70-80), C-H (~100), O-O (35), N-N (20), C-N (48)

h i i f bl d h2. The Initiator Decompose to form Stable Product such as N2 or CO2
( dialkylperoxy dicarbonate, alkylperoxy pivalate )

3 R di l f d St bili d3. Radical formed are Stabilized

4. Polar Effect

* Initiator Halflife
→ The time for the concentration of initiator to decrease to one half of its 

original concentrationoriginal concentration

3-4a-3 Depencence of Propagation Rate on Initiator3 4a 3 Depencence of Propagation Rate on Initiator



3-4b Redox Initiation
→ Low Temperature Polymerization Possible ( 0°C ~ 50°C )

* Haber-Weiss Mechanism

l id l id i h ili* Pure Benzoyl Peroxide vs Benzoyl Peroxide with N,N-aniline

* Kinetics of Polymerization by Redox Initiation

3-4d Initiation by Ionizing Radiation
→ X-ray, γ-ray, e-beam, etc. (High Energy, Short Wavelength System)

3-4e Pure Thermal Initiation
* Electrochemical Initiation
→ Cage Effect→ Cage Effect

3-4g Initiation Efficiency, f
→ The fraction of radicals formed in the decomposition steps which are→ The fraction of radicals formed in the decomposition steps which are 

successful initiating polymerization
- 0<f≤1
- Quantitative Data for the Initiation ReactionsQua t tat e ata o t e t at o eact o s
- Summary



3-4g-3 Experimental Determination of f

1. Direct Measurement (High Resolution NMR, for not very high Mw Polymer)

2. The use of Radical Scavenger or Spin Traps

3. Electron Spin Resonance (ESR) → Concentration of Radicals

4 D d E d P l i ti4. Dead End Polymerization

3-5 MOLECULAR WEIGHT

3-5a Kinetic Chain Length

3-6 CHAIN TRANSFER
- Effect of Chain TransferEffect of Chain Transfer
- Transfer to Monomer and Initiator
- Transfer to Chain-Transfer Agent
- Chain Transfer to Polymer (LDPE and HDPE)C a a s e to o y e ( a d )
- Catalytic Chain Transfer



3-7 INHIBITION (Stop) AND RETARDATION (Slow)
(Figure 3-9)

- Inhibition 
; DPPH (P233), FeCl3, CuCl2 (Organic Inhibitor, P263)

i i ill i; Use in Distillation Process

- Retardation
Sl t T i ti C i ↓; Slower rate, Termination → Conversion↓

* Kinetics of Inhibition

* Chloranil (2,3,5,6-tetrachlorobenzoquinone) ; Table 3-8

* Oxygen is most toxic for Radical Polymerization Oxygen is most toxic for Radical Polymerization

3-7c Autoinhibition of Allylic Monomers
(Table 3-3 ; Case 4)(Table 3 3 ; Case 4)

* Kinetics of Polymerization of Allylic Monomers
; Steady-State Assumption; Steady State ssu pt o
(P269, Table 3-10)





3-9 ENERGETIC CHARACTERISTICS

* Thermodynamics of Polymerization Thermodynamics of Polymerization

- Entropy Change

- Enthalpy Change
(P275, Table 3-15)

- Enthalpy Difference
a. Steric Effect

b. Resonance Stabilization

c. Difference in H-Bonding or Dipole Interactions

* Polymerization-Depolymerization
- Kp, Kdp

- Table 3-16

Ceiling Temperature- Ceiling Temperature

- Floor Temperature





• Controlled/Living Radical polymerization

- chain polymerization without chain-breaking reactions.
- by minimizing normal bimolecular termination and prolonging 

the lifetime of propagating polymer chainsthe lifetime of propagating polymer chains.

Controlled/Living Radical Polymerization(CRP), Pseudo-living, quasi-
living, immortal, truly living, etc.



IntroductionIntroduction

d f d l l• Advantage of Living Radical Polymerization

Controlled molecular weightControlled molecular weight  
; time(conversion) or stoichiometry

Low molecular weight distribution (low PDI)g ( )
; less than 1.3

It is easy to synthesize block copolymers
Well defined star, graft, comb, hyperbranched polymer can be 
synthesized



IntroductionIntroduction

d• Conditions

All the initiator decomposes at once or in a very short timeAll the initiator decomposes at once or in a very short time
Equilibrium constant between the propagating radical and 
dormant species must be low but not too low.
The concentration of stable radicals increases to at least 4 
orders of magnitude greater than the concentration of 
propagating radicalspropagating radicals.
Avoid high conversion.



IntroductionIntroduction

f l• Criteria for Living Polymerization

l i i d il ll h b d1. polymerization proceeds until all monomer has been consumed. 
Further addition of monomer results in continued polymerization

2. The number average molecular weight is a linear function of2. The number average molecular weight is a linear function of 
conversion

3. The number of polymer chains is constant and independent of 
conversionconversion

4. The molecular weight can be controlled by the stoichiometry of 
the reaction

5. Narrow molecular weight can be prepared in quantitative yields.

- Quirk R.P. -



Introduction
Controlled/Living Radical Polymerization

Atom Transfer Radical Polymerization(ATRP)

M

Stable Free Radical Polymerization(SFRP)
M

R ibl Additi F t ti T f (RAFT)
M

Reversible Addition Fragmentation Transfer(RAFT)

M M



ATRP
• Atom Transfer Radical Polymerization (ATRP)

Prevention bimolecular termination by reversible termination with 
halogen atom.g

Initiator(organic halide), transition metal catalysts(with two oxidation 
states) ligand and monomer (and solvent)states), ligand, and monomer, (and solvent).

Dormant state (deactivated propagating chain) is dominant. o a t state (deact ated p opagat g c a ) s do a t.
- low equilibrium constant  K ~ 10-7



Mechanism of ATRPMechanism of ATRP
Mechanism of ATRP

initiator activator deactivator

Activated state
Propagating radical

Dormant stateormant state



Components of ATRPp
Initiators

Ligands
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Cu, Co, Fe, ets ; Various middle and late transition metals (group 6-11).

Transition Metals



Reactivity study of ATRPReactivity study of ATRP



Kinetics of ATRPKinetics of ATRP

K = ka/kd ; K ~ equilibrium constant; less than 10-4
a d                 q

ka[PX][Cu+]=kd[R·][Cu2+]

K[PX][Cu+] K[I][Cu+]
[R·]=

K[PX][Cu ]

[Cu2+] [Cu2+]
≒

K[I][Cu ]

R k [M][R ]
kpK[M][I][Cu+]

Rp = kp[M][R·]
[Cu2+]

p [ ][ ][ ]
≒

l [M]0 kpK[I][Cu+]
ln [M]0

[M]
=

[Cu2+]

p [ ][ ]
t

[M]
Mn = 

p[M]0
[I]0



Effect of componentsEffect of components
I iti t• Initiator 
Organic halides are used as initiator 
Reactivity of halogen I≫Br＞Cl ≫F
Usually, organic halides having similar structure with monomer are 
used as initiator

• Metal catalyst and Ligandsy g
The equilibrium constant of ATRP is mainly determined by metal 
catalysts.
Proper functioning of a metal catalyst requires appropriate ligands.ope u ct o g o a eta cata yst equ es app op ate ga ds.

• Temperature
kp and K increases with increasing temperature 

> increasing Rp and bimolecular termination-> increasing Rp and bimolecular termination
There is an optimum temperature for any specific ATRP reaction 
system.



SummarySummary
ATRP i l i h lid d i R ibl d• ATRP involves an organic halide undergoing a Reversible redox 
process catalyzed by a transition metal compound.

• Rapid reversible deactivation of propagating radicals is needed.

• Metal catalyst is the key to ATRPMetal catalyst is the key to ATRP. 

• Various monomers can be polymerization by ATRP, but low 
ti h th l i l hl id i l t treactive monomers, such as ethylene, vinyl chloride, vinyl acetate, 

and acidic monomers such as acrylic acid have not been 
polymerized. The direction of research of ATRP

• Metal residue should be removed. 
Th di ti f h f ATRPThe direction of research of ATRP

ICAR-ATRP



SummarySummary
R di l ti i t t f di l l i ti• Radical generation in atom-transfer radical polymerization 
involves an organic halide undergoing a reversible redox process 
catalyzed by a transition metal compound.
R id ibl d i i f i di l i d d• Rapid reversible deactivation of propagating radicals is needed to 
maintain low radical concentrations and minimize normal 
termination of living polymers.

• Metal catalyst is the key to ATRP since it determines the position 
of equilibrium(K) and rate of exchange between dormant and 
propagating species.

• Various monomers can be polymerization by ATRP, but low 
reactive monomers, such as ethylene, vinyl chloride, vinyl acetate, 
and acidic monomers such as acrylic acid have not been 
polymerized.

• Metal residue should be removed. 



Block copolymerBlock copolymer
• Methods to synthesize block copolymers

A
RX

RA X
B

RA B X

One-pot sequential method.

A
Cux

RAnX RAn-BmX

• Adding second monomer when most of first monomer has reacted.
• Simpler method than isolated macroinitiator method but second block can be a 

random polymer.p y

Isolated macroinitiator metholds
• halogen-terminated polymer of first monomer is isolated and then used as an 

initiatorinitiator.

• Conditions 
Usually, 90% conversion of first monomer is the maximum conversion.
If the two monomers are in the same family, either addition sequence works. 
However, if the two monomers are in the different families, specific sequence is 
allowed because of the reactivities of monomers

MMA-styrene,   MMA-MA (O)

Styrene-MMA, MA-MMA (X)



Block copolymerBlock copolymer
S th f t i bl k l• Syntheses of tri- or more block copolymers.
Continuation of the sequential method.

one-pot sequential method and isolated-macroinitiator methodp q

A
RX

Cux
RAnX

B
RAn-BmX RAn-Bm-ClX

C

Using difunctional initiator. 

XRX B
A

XRX

Cux
XAnRAnX

B
XBm-AnRAn-BmX

Well defined star, graft, comb, hyperbranched polymer can be 
synthesized



SFRPSFRP

bl d l l• Stable Free Radical Polymerization(SFRP)

i bi l l i i b ibl i i i hPrevention bimolecular termination by reversible termination with 
stable radical.

Initiator(reactive radical + stable radical), monomer, (solvent)

Dormant state (deactivated propagating chain) is dominant. 
- low equilibrium constant  K ~ 10-11



Mechanism of SFRPMechanism of SFRP

h fMechanism of SFRP 

initiator Stable radical

Active state
Propagating radical

Dormant state



Initiators of SFRP

AIBN-TEMPO 

CN
N N

CN
O N

CN

O N

CN

2,2,6,6,-tetramethy-1-piperidinoxyl(TEMPO)



SummarySummary
• Nitroxide, triazolinyl, (arylazo)oxy, and dithiocarbamate, etc.

• Nitroxide Mediated Polymerization (NMP) – esp. TEMPO

• Synthesized initiators 

• Very low equilibrium constant. Higher temperatures (125-145℃) and 
longer reaction time.

• Limited monomers.
(styrenes, acrylates, acrylamides, 1,-dienes, and acrylonitriles are OK)
(Well defined PMMA is difficult to be synthesized by SFRP)

The direction of research of SFRP

β-hydrogen abstraction



SummarySummary
• Various stable radicals such as nitroxide, triazolinyl, trityl, and , y , y ,

dithiocarbamate have been used as the mediating or persistent radical 
for SFRP.

• Nitroxide Mediated Polymerization (NMP) esp TEMPO• Nitroxide Mediated Polymerization (NMP) – esp. TEMPO
• Synthesized initiators(active radical and stable radical), (conventional 

initiators such as AIBN), monomers, solvent are components in SFRP
• Very low equilibrium constant. It requires higher temperatures (125-

145℃) and longer reaction time compared to ATRP.
• Limited monomers can be polymerized by SFRP• Limited monomers can be polymerized by SFRP

(styrenes, acrylates, acrylamides, 1,-dienes, and acrylonitriles are OK)
(Well defined PMMA is difficult to be synthesized by SFRP)

β-hydrogen abstraction



Block copolymerBlock copolymer

h d h bl k l• Methods to synthesize block copolymers

R1-ONR2R3 R1-AnONR2R3 R1-AnBmONR2R3A B

Both One-pot sequential and isolated macromonomer methods p q
are available.

Th d f ddi i f i f iThe order of addition of monomer is often important.
Styrene-isoprene, MA-styrene, acrylate-isoprene

Well defined star, graft, comb, hyperbranched polymer can be 
synthesized



RAFTRAFT
• Reversible Addition Fragmentation Transfer (RAFT)

Prevention bimolecular termination by reversible transfer with 
thiocarbonylthio group as chain transfer agent.y g p g

Initiator, chain transfer agent, and monomer, (solvent)

High equilibrium constant;   K ~ 1



Mechanism of RAFTMechanism of RAFT
Mechanism of RAFT

M n + S
Z

S R S
Z

S RM n S
Z

SM n +R



Chain Transfer Agents of RAFTChain Transfer Agents of RAFT
Z-group

R-group

Chain Transfer AgentsChain Transfer Agents

Reactivity of R-group

Reactivity of Z-group



Kinetics of RAFT

Rp=Rp,0 1+2KRAFT(k`t/kt)[P-X]0

1

-A. Goto, T. Fukuda -

1/2

Rp,0 = polymerization rate without CTA

[P-X]0=concentration of CTA
kt = termination rate constant
k` = cross-termination rate constant

,

P

k t = cross termination rate constant
K = kad/kfr

Explanation of retardation Cross termination

S

Z

SPn Pm
PlSlow fragmentation – Davis et al.

Cross termination  - Monteiro et al.

Z

S SPn

Pl

Pm
Mn =

[M]
[CTA]

×M.W.monomer×p

Mn of polymer synthesized by RAFT

S S

Z

Pn Pm[CTA]
p : conversion



Effect of componentsEffect of components

I i i• Initiator

Higher concentration higher RpHigher concentration, higher Rp

• Chain Transfer agents

CTA controls Rp
Hi h i l RHigher concentration, lower Rp

• TemperatureTemperature

Higher temp., higher Rp, higher PDI 



SummarySummary

RAFT t f t• RAFT transfer agent.

• Synthesized CTA• Synthesized CTA

• # of chains = ( # of CTA + # of decomposed initiator)• # of chains = ( # of CTA + # of decomposed initiator)

• Various monomersVarious monomers 

• Modification of CTA

• Removal of thiocarbonylthio end group.
The direction of research of RAFT



SummarySummary
RAFT li i l i ti t l h i th th h• RAFT living polymerizations control chain growth through 
reversible chain transfer.

• Equilibrium constant is about 1.
• The key that makes RAFT a living polymerization is the choice of 

the RAFT transfer agent.
• Usually commercial CTAs are not available, so they need to be y , y

synthesized.
• The number of chains is determined by the amount of RAFT 

agent consumed and the amount of conventional initiatoragent consumed and the amount of conventional initiator 
decomposes.

• Various monomers can be polymerized by RAFT polymerization.
• Z and R groups in CTA can be functionalized by modification• Z and R groups in CTA can be functionalized by modification.
• Polymers synthesized via RAFT polymerization have color because 

of CTA, so thiocarbonylthio end group should be removed.



Block copolymerBlock copolymer

h d h bl k l• Methods to synthesize block copolymers

S=C-S-R R1An-S-C=S R1AnBm-S-C=SA B

Both One-pot sequential and isolated macromonomer methods 

Z Z Z

p q
are available.

Th d f ddi i f i f iThe order of addition of monomer is often important.
MMA-styrene, MMA-MA

Well defined star, graft, comb, hyperbranched polymer can be 
synthesized



Removing thiocarbonylthio end 
groupgroup

• Removing thiocarbonylthio end group

R SH

XX

SXX

R SH

YY n

X
X

nucleophile

Δ
R S Z

YY n
R

Y

X

Y n
XX

[H]
initiator

R H

Y

X

Y

X

n

initiator

R·

YY n

R R

XX

n YY n
PMMA-CDB

20eq. AIBN, 120℃

Macromolecules 2005, 38, 2033

0eq. AI N, 1 0



CTA modificationCTA modification
RAFT

RAFT

MMA

S
O

S
Silica particle

polymerization

S

S
CN

C N S

RAFT chain transfer agent
R group modification

S
Z

S R
R group modification

Z group modification

S S RS
Z

S R



ATRP vs. SFRP vs. RAFT

ATRP SFRP RAFTATRP SFRP RAFT
Living method Reversible 

termination
Reversible 
termination

Reversible chain 
transfer

Advantages Commercial 
initiator, catalyst, 
and ligand

No metal 
residue

Various 
monomers
No metal residueand ligand.

Various 
monomers

No metal residue

Disdavantages Metal containing Limited Synthesis of CTADisdavantages Metal containing 
polymer
Color of metal 
oxide

Limited 
monomers
Synthesis of 
initiator

Synthesis of CTA
Odor of CTAs and 
color of polymers



Ch4. Emulsion Polymerization

4-1. Description of Process



Ch4. Emulsion Polymerization

4-1. Description of Process



Ch4. Emulsion Polymerization

4-2. Quantitative Aspects
a Rate of Polymerizationa. Rate of Polymerization



Ch4. Emulsion Polymerization

4-2. Quantitative Aspects
b Degree of Polymerizationb. Degree of Polymerization



Ch4. Emulsion Polymerization

4-2. Quantitative Aspects
c Number of Polymer Particlesc. Number of Polymer Particles


