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A new kinetic theory for free radical copolymerization with long

chain branching and crosslinking is proposed. This kinetic theory

accounts for the history of the generated network structure as well as

for all of the important elementary reactions in free radical

polymerization. The present theory can be used to make calculations of

various important properties such as onset of gelation, weight fraction

of sol and gel, number- and weight-average chain length of sol

fractions, crosslinking density in sol and gel fractions, etc. Since

free radical polymerization is kinetically controlled, each primary

polymer molecule experiences a different history of crosslinkinq ~nd

cyclization. The present theory proves the existence and permits the

calculation of the crosslinking density distribution, although all

statistical models which assume an equilibrium system inevitably employ

the assumption that the crosslinking density is the same for all chains.

The existence of a crosslinking density distribution with a signi[ic~nt

variance is an important feature of the present kinetic theory st~tinq

that polymer networks synthesized by free radical polymerization are

inherently inhomogeneous on a microscopic scale. This theory reduces to

the Flory/Stockmayer theory under Flory'S simplifying assumptions ~nd

may therefore be considered a general mean-field theory.
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The present theory was successfully applied to the

copolymerization of methyl methacrylate/ethylene glycol dimethacrylate,

and acrylamide/N,N'-methylene-bis-acrylamide. In real systems it was

found that the effect of cyclization (intramolecular reactions) and the

decreased reactivity of pendant double bonds relative to the monomeric

double bonds are important.

This new kinetic theory should assist one to design superior

quality network polymer systems and it can also be used to control

various polymerization pro~~sses. It was found that if branches are

formed by chain transfer to pcl~ner the crosslinking density is al\~ys

higher in continuous stirred ~ank reactors (CSTR) than in batch

reactors, however, this i~ not true in general for vinyl!divinyl

copolymerizations. The variance of the crosslinking density

distribution in CSTR's is large due to their broad residence time

distributions.

(iv)



ACKNOWLEDGEMENTS

I would like to express my sincere appreciation to the

people who supported my study in McMaster University.

Specially, I would like to thank: My supervisor, Professor

A.E. Hamielec, for his guidance and encouragement throughout

this work. My company, KAO CORPORATION, for generously

allowing me to leave for three years and for providing me

with financial support. My friends and colleagues,

Professor R. Pelton, Mr. D. Hunkeler, Mr. S. Zhu, Mr. V.

Hruska, Ms W.-H. Li, Ms X. Wu and Mr. N. Dotson for helpful

discussions. My grateful thanks also extend to Professor K.

Hashimoto, Professor M. Nomura, Dr. S. Aoki, Mr. T. Matsui,

and the late Professor T. Mizushina for encouraginq me to

study abroad. My wife, Yuko, for her encouragement ~nd

moral support. My son, Hidekatsu, who was born durin~ our

stay in Canada, for giving me a cheerful smile and for

sleeping well every night.

(v)



TABLE OF CCNI'ENl'S

ABSTRACT iii

~ v

TABLE OF~ vi

LISf OF FIGURFS xi

LISf OF TABLES xvi

1. IN'I'RO~OO 1

l.~. Theoretical Background and Literature Review 3

[A] Modeling of Network Formation 6

[A-I] Classical Theory 7

[A-2] Percolation Theory 9

[A-3] Kinetic Theory 12

[nl Experimental Observations 15

[8-1] Reactivity of Pendant Double Bonds 16

[8-2] Effect of Cyclization 17

[B-3] Copolymer Composition 18

1 .2. Scopc' of Study 20

(vi)



2. KlNEI'IC KlDEL DEVELOPHml' 25

2.1- Pseudo-Kinetic Rate Constant Method 25

[A] Linear Copolymers 25

[B] Non-Linear Copolymers 30

2.2. Kinetics of Crosslinking '10

[A] Definitions '10

[B] Crosslinking Density Distribution '14

2.3. Kinetics of Cyclization 55

[A] Primary Cyclization 55

[B] Secondary Cyclization 63

2.4. Pre-Gelation Period 70

[A] Method of Moments 70

[B] Chain Transfer to polymer 84

[C] Comparison wi th Flory's Theory At)

2.5. Post-Gelation Period

-- A Generalization of Flory's Theory -- 95

3. APPLICATIOOS

3.1. Copolymerization of Methyl Methacrylate / Ethylene Glycol

Dirrethacrylate

[A] Experimental

[B] Application of the Present Theory

(vii )

103

\03

101

110



3.2. Copolymerization of Acrylamide I N,N'-methylene-bis-

acrylamide 122

[A) Introduction 122

[8) Preliminary Considerations 123

rC) Experimental Procedure 129

[0] Polymerization Kinetics 134

[E] Kinetics of Pendant Double Bond Consumption 136

[F] Non-Idealities at Very Low Mole Frartions of

Divinyl Monomer 143

3.3. Control of Crosslinking Density 1~8

[A] Production of Homogeneous Networks

-- Semi-Batch Operation -- 148

[8] Comparison between Batch Reactors and Continuous

Stirred Tank Reactors (CSTR) 158

[8-1] Chai~ Transfer to Polymer 158

[B-2] Vinyl/Oj.-" iny: ~opolymerization 161

4. DISCUSSION AND RfXXHofmI)ATIONS FOR FUroRE R..1O'SEARCH 173

5. CONCLUSlOOS 182

(viii)



GLOOSARY OF PRINCIPAL SYMBOLS

APPmIDIX

A. The Pseudo-kin~tic Rate Constant Method

A-I. Derivation of Pseudo-Kinetic Rate Constants

A-2. Necessary Conditions for the Applicability of

the Pseudo-Kinetic Rate Constant Method

186

211

216

LIb

216

220

B. Instantaneous Bivariate Distribution of Chain Lenqth and

Composition for Linear Copolymers 22~

8-1. Equivalence of the Stockmayer Bivariate Distribution

and the Pseudo-Kinetic Rate Constant Method 230

B-2. Instantaneous Copolymer Composition Distribution 21~

B-3. Bivariate Distribution for Copolymerization with

Chain I2ngth Dependent Bimol~cular Termination 217

B-4. Effect of Comonomers with Different Molecul<.lr Weight:. 24H

C. Copolymer Composition Equation for Very Low Molp. rra~tions

of Divinyl Monomer 2~1

D. Crosslinking Density Distribution under Flory'S Simplifying

Assumptions 2~2

E. Applicability of Simplified Pseudo-Kinetic Rate Constant for

Crosslinking Reactions (Equation (2.4.~)) 2~h

( ix)



F. Derivation of Moment Equations 263

G. Crosslinking and Degradation of Pre-Formed Polymer Cpa ins 267

G-l. Crosslinking of Polymers 267

G-2. Degradation of Polymers 274

G-3. Crosslinking with Degradation 283

H. A Proof that Chain Transfer to Polymer with Termination by

Disproportionation cannot Form an Infinitely Large Molecule 285

I. E~uivalc~ce of the Method of Moments and Flory's Theory in

the Prc~elation Period 288

.J. A Kinetic Method to Calculate Sol/Gel Ratio 295

K. Experimental Data for Copolymerization of Methyl Methacrylate

and Ethylene Glycol Dimethacrylate 301

L. Publications Based on the Present Research 311

(x)



LIST OF FI~

Figure p~qe

1.1.1 Viscosity and shear modulus as a function of reaction time. ·1

1.1.2 A schematic drawing of crosslinked polymer net\-lorl<s. 5

1.1.3 A schematic drawing of Flory's tree-like model. A

1.1.4 Example of percolation at the gel point in a squure luttice. 11

1.2.1 Fundamental structure of the present research. 2~

2.1.1 Reaction ,~i th pendant double bonds. 32

2.1.2 Compositional drift during vinyl/divinyl copolymerization. ]£1

2.2.1 A simple example of crosslinked polymer formation. III

2.2.2 A remark on the crosslinking density. In

2.2.3 Schematic drawing of the process of crosslinJ<ing. ~S

2.2.4 Crosslinking density distribution. ~~

2.2.5 Crosslinking density distribution. SI

2.2.6 Effect of monomeric double bond reactivity. ~2

2.3.1 Classification of cyclization processes. SG

2.3.2 Effect of chain length on primary cyclization. ~~

2.3.3-a Effect of initial mole fraction of divinyl monomer

on primary cyclization. GI

2.3.3-b Effect of initial mole fraction of divinyl monomer

on primary cyclization. ~2

2.3.4 Process of secondary cyclization. 6S

2.3.5 Elastic crosslinking density distribution. 68

(xi)




























































































































































































































































































































































































































































































































































































































































