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Abstract

Chain shuttling polymerization with dual catalysts has introduced a new class of polyolefin called
olefin block copolymers (OBCs). The Dow Chemical Company developed this new material in
2006 with achain shuttling agent used to exchange living and dormant chains between two single-
site catalysts reversibly. One catalyst may produce a soft/amorphous ethylene/a-olefin block due
to its high reactivity ratio towards a-olefin insertion, while the other catalyst makes a hard/semi-
crystalline ethylene/a-olefin block due to its low o-olefin reactivity ratio. The soft block provides
elastomeric properties, whereas the hard block works as a physical crosslink to connect the

elastomeric blocks.

Characterization of these novel materials is challenging because there are no analytical methods
that can measure the distribution of blocks in OBCs. A mathematical model that can describe the
detailed microstructure of these products is, therefore, an important step towards understanding
how different polymerization conditions and Kinetic parameters affect their microstructure. The
main objective of this thesis is to develop such detailed models for semi-batch and continuous
stirred tank reactors (CSTR).

Starting from the polymerization mechanism generally accepted for chain shuttling
polymerization, we developed two different mathematical models to predict OBC microstructures
made under different conditions. The first and simpler model uses population balances and the
method of moments to predict chain length and composition averages for the overall (whole) OBC
and for populations with different number of blocks. The second, and more complex model, uses
dynamic Monte Carlo techniques to predict complete distributions of chain length and chemical

composition.

The simulations described in this thesis show that OBCs have complex, multiblock structures, that
depend strongly on several polymerization Kinetic parameters, reactor conditions, and reactor
modes of operation. As these conditions change, number average chain lengths, chemical
compositions, average number of blocks, and block distribution among the OBC populations are

also affected, and possibly the application properties of these advanced polyolefins. The models



proposed herein allow us to quantify the trends of this microstructural changes, and hopefully can

help researchers design OBCs with better controlled molecular architectures.



Acknowledgements

My greatest gratitude is to Allah, the Almighty, who guided me in every step of this work with his
infinite wisdom and grace.

I humbly acknowledge the guidance and support of my adviser, Professor Joao Soares, for his

support of and assistance in my efforts to complete this work.

I would also like to express my thanks to my supervisory committee members: Professor Leonardo
Simon, Professor Zhu Shiping, Professor Jean Duhamel, Professor Ali Elkamel, and Professor

Zhongwei Chen.

Additionally, I thank my sponsors, Saudi Cultural Bureau and Jazan University, for their financial
support.

| extend my deepest gratitude to my wife, Nuha Fagihi, and our children, Mohammed, Riyam and
Firas, who have borne my preoccupation with my studies and absence with patience and

understanding over the years. You have been my inspiration and motivation.

I would further like to extend my deep appreciation to my brothers, Hassan and Yahya; my sisters,

Fatimah and Gana; my nephew, Ali, and their families for their love and continuous prayers.

Above all, 1 wish to express my gratitude to my mother, Aisha Maafa, who has always believed

in me and encouraged me.



Dedication

To
My Mother, Aisha Maafa

My Beloved Wife, Nuha Fagihi
My Beloved Children, Mohammed, Riyam and Firas
My Sisters, Fatimah and Gana

My Brothers, Hassan and Yahya

Vi



Table of Contents

AUTHOR'S DECLARATION ii
Abstract iii
Acknowledge ments v
Dedication vi
List of Figures X
List of Tables Xiii
Nomenclature Xv
1. Introduction 1
2. Backgroundand Literature Review 5

21 INtrOdUCEION 10 POIYENYIENE. ...ttt sttt 5

2.2 Chain Shuttling Copolymerization and BIOCK COPOIYMELS ......cecveveevererirereeiririsisee st nnasseses 8

2.3 Chain Shuttling Polymerization Modeling and Characterization ...........ccccccevevveeeeveeererscsseseessesesesssenens 18

3. Simulation of Ethylene Chain Shuttling Polymerization ina Semi-Batch Reactor using the Method of

Moments and a Dynamic Monte Carlo Model 27
3.1 OVEBIVIBW ..ottt sttt s st s et s e et e st s et et e E et et e e et s e e st st es b et sensaesebaeasasantenn 27
3.2 Ethylene Chain Shuttling Polymerization MeCh@niSm ..........cccevevveereirereerree e ssse s 27
3.3 The MEthOT OF MOMENTS. ...ttt sttt eeassesanen 28
34 Dynamic MoNte Carlo MOUEL........c.coveeeeeee ettt 32
35 RESUILS ANT DISCUSSION.....cecveuiiieireieistieiasieistt ettt st st sttt sttt as st aeens 39
3.5.1 Comparison of the Method of Moments and Monte Carlo SIMUlation...........cccccveeuneerneerinecneeeineiecieeeieaes 39
3.5.2 Effect of Control Volume Size 0N CLD PrediCtioNnS.......cccvcureueiiereniinerieeineinceiseeiseieiseie e seasiseesssiesssissssneaes 40
3.5.3 Effect of Polymerization Condition and Kinetic CONSLANTS.........ccovvverereereereeiiceeisse st sns 43
3.6 CONCIUSION....eieieti ettt ettt sttt sttt tneas 56

4.  Simulation of Ethylene Chain Shuttling Polymerization ina Continuous Stirred Tank Reactor using the

Method of Moments 57
41 OVBIVIBW ...ttt ettt e ettt ettt n s e s 57
4.2 Model Development for the Method of Moments in a Dynamic CSTR and at Steady State...........cccccceuu...... 57
4.3 RESUILS ANT DISCUSSION......evieireerieiirieieirieies et tsesae s tsesae et es st ss st eas s st ss s sssssesasssssesassssssssnsassssssnsassssns 62

Vii



4.3.1 Effect Of OPeration CONITIONS........ccviueveeieeeeeccce ettt ettt ettt es s s sesasastesasanas 62
4.3.2 Comparison of semi-batch reactor and CSTR at a steady State........ocovevevvvrvrrrerrseerreere e 65

4.4 (O] g1 11 £ o] o T 72

5. Simulation of Chain Shuttling Copolymerization ina Semi-Batch Reactor using the Method of Moments

and a Dynamic Monte Carlo Model 73
5.1 OVBIVIBW ..ottt sttt a s s s s es s a s es e s s s s s s e e e e s e b e e et ae st s et et a e s st s s s es e sasssenstseassnsas 73
5.2 Chain Shuttling Copolymerization MEChANTSM ........ceurvvriririrrier et snasseaes 73
5.3 The MEthOT OF MOMENTS......oieeieeeieiris sttt sttt sttt 76
54 Dynamic MoNte Carlo MOUEL..........ooueee ettt ettt st 84
55 RESUILS AN DISCUSSION.....ceceeuiieiriiristiriasteistieitieestistas sttt sttt ettt sttt 87
5.5.1 Comparison of the Method of Moments and Monte Carlo Simulation...........c.ceeveeeececevvvciieecsse 88
5.,5.2  Effect of changing process conditions on chain length averages......cocoveeveevrrereressssessse s 91
5.5.3 Effect of chain transfer on the distributions of chain length and chemical composition...........ccccccevvvvunene. 99
5.5.4 Effect of CSA concentration on the distributions of chain length and chemical composition................... 104
5.6 CONCIUSION....e sttt sttt sttt st s eas e 106

6. Mathematical Modeling of Chain Shuttling Copolymerization in a CSTR at Steady State using a Dual

Catalyst 107
6.1 OVBIVIBW ..ottt st a e a e et e et et e et s et eseeas e 107
6.2 MOAEI DEVEIOPMENT ...ttt sttt 107
6.3 RESUIES ANT DISCUSSION.....cecviaireeirieeicieieieitieistie ittt sttt sttt sttt sttt as et anens 115

6.3.1 Effect of CSA concentration on the microstructure of OBCs made in CSTRs and semi-batch reactors. 116

6.3.2 Effect of chain shuttling rate constant on the microstructure of OBCs made in CSTRs and semi-batch
TEACTOTS ..oocerveecereiriseieise sttt ittt ettt st s s s s et 122

6.3.3 Effect of reactor average residence time on the microstructure of OBCs made in CSTRs and in semi -

LoF L (o] AT =TTt (0] T 125
6.3.4 Effect of reactor mode of operation on the average number of blocks per chain.........cccccevvevveerevcecnene, 129
6.4 (70 aTe] [V 1T 0] 2 O 131
7. Main Contributions and Recommendations for Future Work 132
7.1 (070111 81 o[ 10 2 1= 132
7.2 RecoOMMENAAtIONS FOT TULUIE WOTK ...ttt s s e se s e enneananas 132
References 133
Appendices 139

viii



FN o] o 1=T Lo [ G OO U 139

N o =TT DGR T 147
ADPPENTIX 5A oottt ettt sttt st a et s s A AR AR A ettt n et s n s st s en 155
ADPENAIX BA ..ottt ettt sttt sttt ettt 164



List of Figures

Figure 2-1. Polyethylene types.! 5
Figure 2-2. Generalized structure for a metallocene catalyst. M: transition metal; X: hydrocarbyl, alkylidene,
halogen radicals; R: hydrogen, hydrocarbyl radicals; B: bridging group. 7
Figure 2-3. Block copolymer types.!® 8
Figure 2-4. Mechanism of chain shuttling polymerization.” 9
Figure 2-5. Ethylene polymerization mechanism with a zirconium complex.? 10
Figure 2-6. Effect of CSA on the MWD of an ethylene/1-octene copolymer made with two catalysts in a semi-
batch reactor.? 13
Figure 2-7. Preparation of di-block OBC.1! 14
Figure 2-8. Structure of scandium catalysts used by Pan et al.35 17
Figure 2-9. Flory theory.38 19
Figure 2-10. Definition of the block index.38 20
Figure 2-11. Melting temperature shifts in OBC. 21
Figure 3-1. Schematic for reaction stepselection in dynamic Monte Carlo. 36
Figure 3-2. Dynamic Monte Carlo algorithm for ethylene chain shuttling polymerization in a semi-batch reactor.
37
Figure 3-3. Effect of control volume size on ethylene conversion, My, and PDI predicted by the method of
moments and dynamic Monte Carlo simulation. 40
Figure 3-4. Effect of control volume size on the CLD of polyethylene at different polymerization times. ......... 41

Figure 3-5. Comparison between the Flory distribution and CLD predicted by DMC at different
polymerization times. (V = 1x10-15 L, kcsa =kcsao =50kp, other variables as shown in Table 3-6 and

Table 3-7.) 42
Figure 3-6. Effe ct of kcsa/kp on My, and PDI of polyethylene made in a semi-batch reactor. 44
Figure 3-7. Effect of kcsa/kp on the CLD of polyethylene made in a semi-batch reactor at different polymerization

times 45
Figure 3-8. Effect of kpon Mn and PDI of polyethylene made in a semi-batch reactor while keeping kcsa

constant. 46
Figure 3-9. Effect of kpon the CLD of polyethylene made in a semi-batch reactor at different polymerization

times while keeping kcsa constant. 47
Figure 3-10. Effect of kp, on M, and PDI of polyethylene made in a semi-batch reactor. 48
Figure 3-11. Effect of kp on the CLD of polyethylene made in a semi-batch reactor at different polymerization

times with kcsa/kp = 10. 49
Figure 3-12. Effect of kqgon M, and PDI of polyethylene made in a semi-batch reactor. 50
Figure 3-13. Effect of kig on the CLD of polyethylene made in a semi-batch reactor at different polymerization

times 51
Figure 3-14. Effect of kq on Mn and PD1 of polyethylene made in a semi-batch reactor. 52
Figure 3-15. Effect of kq on the CLD of polyethylene made ina semi-batch reactor at different polymerization

times. 53
Figure 3-16. Effect of [CSA]/[Cat] on M» and PDI of polyethylene made in a semi-batch reactor.........cccceeeveveeruruncne 54
Figure 3-17. Effect of [CSA)/[Cat] on the CLD of polyethylene made in a semi-batch reactor at different

polymerization times. 55

Figure 4-1. Ethylene, Hz, CSA, and catalyst profile for ethylene chain shuttling polymerization in a CSTR as a
function of time. 63




Figure 4-2. Number and weight average molecular weight profiles of different polyethylene chain

populations. 64
Figure 4-3. Polydis persity index profile of different polyethylene chain populations. 65
Figure 4-4. Effect of [CSA]/[Cat] on ethylene conversion in a semi-batch reactor and CSTR. All other variables are

constant (Table 4-8 and Table 4-9). 66
Figure 4-5. Effect of [CSA]/[Cat] on My for ethylene polymerization in a semi-batch reactor and CSTR. All

other variables are constant (Table 4-8 and Table 4-9). 67
Figure 4-6. Effect of [CSA]/[Cat] on PDI for ethylene polymerization ina semi-batch reactor and CSTR. All

other variables are constant (Table 4-8 and Table 4-9). 68
Figure 4-7. Effect of kcsa/ko on M, for ethylene polymerization in a semi-batch reactor and CSTR. All other

variables are constant (Table 4-8 and Table 4-9). 68
Figure 4-8. Effect of kcsa/kpon PDI for ethylene polymerization ina semi-batch reactor and CSTR. All other

variables are constant (Table 4-8 and Table 4-9). 69
Figure 4-9. Effect of kp on M, for ethylene polymerization in a semi-batch reactor and CSTR while keeping kcsa

constant at 100000. All other variables are constant (Table 4-8 and Table 4-9). 70
Figure 4-10. Effect of kp on PDI for ethylene polymerization ina semi-batch and CSTR reactor while keeping

kcsa constant at 100000. All other variables are constant (Table 4-8 and Table 4-9). 70
Figure 4-11. Effect of kg on M, for ethylene polymerization in a semi-batch reactor and CSTR. All other variables

are constant (Table 4-8 and Table 4-9). 71
Figure 4-12. Effect of kig on PDI for ethylene polymerization in a semi-batch reactor CSTR. All other variables are

constant (Table 4-8 and Table 4-9). 71
Figure 5-1. Mechanism of chain shuttling copolymerization using two catalysts. 75
Figure 5-2. Types of olefin block copolymer chains. 76

Figure 5-3. Flowsheet for dynamic Monte Carlo simulation of chain shuttling copolymerization using two
catalysts. 86

Figure 5-4. Comparison of simulations using dynamic Monte Carlo and method of moments for monomer
conversion. 88

Figure 5-5 Comparison of simulations using dynamic Monte Carlo and method of moments for comonomer

composition for whole copolymer. 89
Figure 5-6. Comparison of simulations using dynamic Monte Carlo and method of moments for rn.......ccceceeerecnne 89
Figure 5-7. Comparison of simulations using dynamic Monte Carlo and method of moments for PDL. .................... 90
Figure 5-8. Comparison of simulations using dynamic Monte Carlo and method of moments for fractions

different OBC populations. 90
Figure 5-9. Number average chain length for different OBC populations (ki =0, [CSA]/[Ctot] =1000)......cceverereueunces 91

Figure 5-10. Number awerage chain length for different OBC populations (k¢ >0, [CSA)/[Ctot] =1000). ........ 92
Figure 5-11. Number awerage chain length for different OBC populations (k¢ >0, [CSA)/[Ctot] =2000). ........ 92

Figure 5-12. Polydispersity index for different OBC populations (ks =0, [CSA]/ [Ctot] = 1000). 93
Figure 5-13. Polydispersity index for different OBC populations (ki >0 and [CSA]/[Ctot] = 1000). ..coeurureeercrerreresennnae 94
Figure 5-14. 1-Octene molar fraction in different OBC populations (kig =0, [CSA]/[Ctot] = 1000). ....ccrrrerrreeerrerrrrerenees 95
Figure 5-15. 1-Octene molar fraction in different OB C populations (k¢ >0, [CSA)/[Ctot] = 1000). cceesererereeneees 95
Figure 5-16. Time evolution of OB C populations (k¢ = 0, [CSA}/[Ctot] = 1000). 96
Figure 5-17. Time evolution of OBC populations (ki >0, [CSA]/[Ctot] = 1000). 97
Figure 5-18. Time evolution of OBC populations (k¢ > 0, [CSA)/[Ctot] =2000). 97
Figure 5-19. Awerage number of blocks per chain: a) k= 0, [CSA]/[Ctt] = 1000, b) k> 0, [CSA)/[Crot] =
1000, c¢) k¢ >0, [CSAJ/[Ctot] =2000. 99
Figure 5-20. Effect of k¢ on the CLD of whole OBCs: a) ke =0, b) ke > 0. 100

Xi



Figure 5-21. Effect of k¢ on the CLD of different OB C populations: a) kg =0, b) k¢ > 0. 101

Figure 5-22. Effect of k¢ on the CCD of the whole OBCs: a) k¢ =0, b) ke > 0. 102
Figure 5-23. Effect of kig on the CCD of different OBC populations: a) kig =0, b) kig > 0. 103
Figure 5-24. Effect of [CSA])/[Ctot] ratio on the CLD of the whole OBCs: a) [CSA]/[Ctt] = 1000, b) [CSAJ/[Ctot]
=2000. 104
Figure 5-25. Effect of the [CSA]/[Ctot] on the CCD of the whole OBCs: a) [CSA]/[Ctot] =1000, b) [CSA]/[Ctot] = 2000.
105
Figure 6-1. Number fractions of different OBC populations: a) [CSA]/[Ctt] = 1000 and b) [CSA)/[Ctot] = 5000
(Semi-batch reactor: solid lines; CSTR: dashed lines). 117
Figure 6-2. Number awerage chain lengths of different OBC populations: a) [CSA]/[Ctt] =1000and b)
[CSAY/[Ctot] =5000 (Semi-batch reactor: solidlines; CSTR: dashed lines). 119
Figure 6-3. Effect of [CSA]/[Ctt] ratio on the whole polymer: a) rnand b) rw (Semi-batch reactor: solid lines;
CSTR: dashed lines). 121
Figure 6-4. Effect of the kcsa/kpa® ratio on the fraction of different OBC populations (Semi-batch reactor: solid
lines; CSTR: dashed lines). 122
Figure 6-5. Effect of the kcsa/kpaP ratio on the ry of the whole polymer (Semi-batch reactor: solid lines;
CSTR: dashed lines). 123
Figure 6-6. Effect of the kcsa/kpaPratio on the r, of different OBC populations (Semi-batch reactor: solid lines;
CSTR: dashed lines). 124
Figure 6-7. Effect of average residence time on the fraction of different OBC populations (Semi-batch reactor:
solid lines; CSTR: dashed lines). 126
Figure 6-8. Effect of average residence time on the r, of whole polymer (Semi-batch reactor: solid lines; CSTR:
dashed lines). 127
Figure 6-9. Effect of average residence time on the r, of different OBC populations (Semi-batch reactor: solid
lines; CSTR: dashed lines). 128
Figure 6-10. Average number of blocks per chain: effect of a) [CSA)/[Ctot], b) kcsa/kpaPand ¢) T (Semi-batch
reactor: solidlines; CSTR: dashed lines). 130

Xii



List of Tables

Table 2.1. Summary of Zhang et al.’s8 model (block copolymers in asingle CSTR). 24
Table 3-1. Mechanism for ethylene chain shuttling polymerization. 28
Table 3-2. Moment equations for ethylene chain shuttling polymerization in a semi-batch reactor..........ccu........ 30
Table 3-3. Mole balance equations for ethylene chain shuttling polymerization in a semi-batch reactor............... 31
Table 3-4. Average chain lengths. 31
Table 3-5. Monte Carlo reaction rate and rate constants equations for chain shuttling polymerization. ................ 35
Table 3-6. Kinetic constants for ethylene chain shuttling polymerization. 39
Table 3-7. Process conditions for ethylene chain shuttling polymerization. 39
Table 4-1. Moment equations for ethylene chain shuttling polymerization in a dynamic CSTR
Table 4-2. Moment equations for ethylene chain shuttling polymerization in a CSTR at steady state. ......ccccecvuruue 59
Table 4-3. Mole balance equations for ethylene chain shuttling polymerization in a dynamic CSTR. ....cccceseee. 60
Table 4-4. Mole balance equations for ethylene chain shuttling polymerization in a CSTR at steady state. ........... 60
Table 4-5. Kinetic constants for ethylene chain shuttling polymerization. 62
Table 4-6. Initial process conditions for ethylene chain shuttling polymerization in a dynamic CSTR.............. 62
Table 4-7. Process condition changes for ethylene chain shuttling polymerization in a dynamic CSTR............. 63
Table 4-8. Kinetic constants for ethylene chain shuttling polymerization used for comparison of semi-batch
reactor and CSTR. 66
Table 4-9. Process conditions for ethylene chain shuttling polymerization used for comparison of semi-batch
reactor and CSTR. 66
Table 5-1. Mechanism of chain shuttling copolymerization using two catalysts. 74
Table 5-2. Moment equations for chains made in catalyst P in a semi-batch reactor for the whole polymer. ....... 79
Table 5-3. Moment equations for chains made in catalyst Q in a semi-batch reactor for the whole polymer........ 79
Table 5-4. Moment equations for chains with a single block made in catalyst P in a semi-batch reactor................ 80
Table 5-5. Moment equations for chains with a single block made in catalyst Q in a semi-batch reactor............... 80

Table 5-6. Moment equations for OBC chains made in catalyst P in a semi-batch reactor for chains having two or
more blocks. 81

Table 5-7. Moment equations for OBC chains made in catalyst Q in a semi-batch reactor for chains having two or

more blocks. 81
Table 5-8. Molar balance equations in a semi-bat ch reactor. 82
Table 5-9. Average chain lengths. 82
Table 5-10. Molar and weight fractions of polymer populations having different numbers of blocks............... 83
Table 5-11. Ethylene and 1-octene mole fraction of polymer populations having different numbers of blocks.

83
Table 5-12. Awerage number and weight of blocks per chain, 1-octene mole fraction of whole polymer and

owerall conwersion. 83
Table 5-13. Dynamic Monte Carlo reaction rates and rate constants for chain shuttling copolymerization

using two catalysts. 85
Table 5-14. Polymerization kinetic constants for chain shuttling copolymerization. 87
Table 5-15. Process conditions for chain shuttling copolymerization. 88
Table 6-1. Moment equations for OBC chains made in catalyst P ina CSTR operated at steady state for the

whole polymer. 108
Table 6-2. Moment equations for OBC chains made in catalyst Q ina CSTR operated at steady state for the

whole polymer. 109

Xiii



Table 6-3. Moment equations for chains with a single block made in catalyst P ina CSTR operated at steady

state. 110
Table 6-4. Moment equations for chains with a single block made in catalyst Q ina CSTR operated at steady
state. 111
Table 6-5. Moment equations for OBC chains made in catalyst P ina CSTR operated at steady state for
chains having two or more blocks. 112
Table 6-6. Moment equations for OBC chains made in catalyst Q ina CSTR operated at steady state for
chains having two or more blocks. 113
Table 6-7. Molar balance equations in a CSTR operated at steady state. 114
Table 6-8. Polymerization kinetic constants. 115
Table 6-9. Polymerization conditions. 115

Xiv



Nomenclature

[C]
[H:]
[M]
[So]
>=2S,2H
1,2
1H

1S
1S,1H
1S,2H
2S,2H

A B

Cll CZ
CCD

Cq

catalyst concentration

hydrogen concentration

ethylene concentration

chain shuttling agent concentration

chains with 4 or more blocks (multi-blocks)
catalyst type P and Q

chains with single hard block

chains with single soft block

chains with di-blocks

chains with tri-blocks (1soft and 2 hards)
chains with tri-blocks (2softs and 1 hard)
ethylene and 1-octene

ethylene consumption by catalysts P and Q
ethylene consumption by catalyst P
ethylene consumption by catalyst Q
1-octene consumption by catalysts P and Q
1-octene consumption by catalyst P
1-octene consumption by catalyst Q

active site

active site from catalyst P and Q

chemical composition distribution
deactivated site of catalyst

XV



CSP
CSTR

Ctot

H2
Hzin
HDPE
I
kClMc

MC
Ke

kCSA
kCSAO

K CSAOlMC
K CSAOZMC

MC
kCSAO

k MC
CSAlcross

deactivated site of catalyst P

deactivated site of catalyst Q

total catalysts molar flow rate

chain length distribution

chain shuttling agent

chain shuttling polymerization

continuous stirred tank reactor

total catalysts concentration

dead polymer chain of length r

dead polymer chain of length r and number of block i made in catalysttype P and Q
hydrogen

hydrogen molar flow rate

high density polyethylene

number of blocks

microscopic deactivation of active catalyst P reaction rate constant
microscopic deactivation of active catalyst Q reaction rate constant
chain shuttling rate constant to dormant chain

chain shuttling rate constant to CSA

microscopic chain shuttling reaction rate constant to CSA for catalyst P
microscopic chain shuttling reaction rate constant to CSA for catalyst Q
microscopic chain shuttling reaction rate constant to CSA

microscopic cross-chain shuttling reaction rate constant to dormant chain for catalyst P

XVi



k MC

CSA1lself

k MC
CSA2cross

k MC
CSA2self

MC
I(CSA

microscopic self-chain shuttling reaction rate constant to dormant chain for catalyst P
microscopic cross-chain shuttling reaction rate constant to dormant chain for catalyst Q
microscopic self-chain shuttling reaction rate constant to dormant chain for catalyst Q
microscopic chain shuttling reaction rate constant to dormant chain

deactivation rate constant

microscopic deactivation of growing chain reaction rate constant for catalyst P
microscopic deactivation of growing chain reaction rate constant for catalyst Q
microscopic deactivation of active catalyst reaction rate constant

microscopic deactivation of growing chain reaction rate constant

microscopic chain transfer to hydrogen reaction rate constant for catalysts P
microscopic chain transfer to hydrogen reaction rate constant

microscopic chain transfer to hydrogen reaction rate constant for catalysts Q

initiation rate constant

microscopic initiation reaction rate constant for ethylene in catalysts P

microscopic initiation reaction rate constant for ethylene in catalysts Q

microscopic initiation reaction rate constant for 1-octene in catalysts P

microscopic initiation reaction rate constant for 1-octene in catalysts Q

microscopic initiation reaction rate constant

propagation rate constant

microscopic propagation reaction rate constant for ethylene in catalysts P
microscopic propagation reaction rate constant for ethylene in catalysts Q

microscopic propagation reaction rate constant for 1-octene in catalysts P

Xvii



mMC
kpBZ

MC
kp

K

MC
Min
Mintot

MM

microscopic propagation reaction rate constant for 1-octene in catalysts Q
microscopic propagation reaction rate constant

chain transfer to hydrogen rate constant

B-hydride elimination chain transfer rate constant

microscopic B-hydride elimination chain transfer reaction rate constant for catalysts P
microscopic B-hydride elimination chain transfer reaction rate constant for catalysts Q
microscopic B-hydride elimination chain transfer reaction rate constant
long chain branches

low density polyethylene

linear low density polyethylene

ethylene

Monte Carlo

ethylene molar flow rate

total monomers molar flow rate

method of moments

number average molecular weight

ethylene consumption

total monomers concentration

weight average molecular weight

molecular weight distribution

maximum number of blocks

Avogadro’s number

XViii



Na
Ng

Ne

Nh2
Nm

nP

Nso
nSP
nSQ
OBC

P1

number of ethylene molecules

number of 1-octene molecules

number of catalyst molecules

number of catalyst P molecules

number of catalyst Q molecules

number of deactivated chains from catalyst P
number of deactivated chains from catalyst Q
number of dead chains from catalyst P
number of dead chains from catalyst Q
number of hydrogen molecules

number of ethylene molecules

number of living chains from catalyst P
number of living chains from catalyst Q
number of chain shuttling agent molecules
number of dormant chains from catalyst P
number of dormant chains from catalyst Q
olefin block copolymer

living polymer chain of length 1

living polymer chain of length 1 and number of block 1 made in catalyst type P
polydispersity index

living polymer chain of length r

living polymer chain of length r and number of block i made in catalyst type P

XiX



PS

Ql,l

Qr,i

r,s
rpandr,
RClMC

MC
RC2

MC
RCSAOl

MC
RCSAOZ

mMC
RCSAO

MC
RCSAlcross
MC
RCSAlseIf
MC
RCSAZcross

MC
RCSAZseIf

MC
RCSA

MC
Ra

living polymer chain of length s

living polymer chain of length 1 and number of block 1 made in catalyst type Q
living polymer chain of length r and number of block i made in catalyst type Q
chain length

random number and reactivity ratios

Monte Carlo deactivation of active catalyst P reaction rate

Monte Carlo deactivation of active catalyst Q reaction rate

Monte Carlo chain shuttling reaction rate to CSA for catalyst P

Monte Carlo chain shuttling reaction rate to CSA for catalyst Q

Monte Carlo chain shuttling reaction rate to CSA

Monte Carlo cross-chain shuttling reaction rate to dormant chain for catalyst P
Monte Carlo self-chain shuttling reaction rate to dormant chain for catalyst P
Monte Carlo cross-chain shuttling reaction rate to dormant chain for catalyst Q
Monte Carlo self-chain shuttling reaction rate to dormant chain for catalyst Q
Monte Carlo chain shuttling reaction rate to dormant chain

Monte Carlo deactivation of growing chain reaction rate for catalyst P

Monte Carlo deactivation of growing chain reaction rate for catalyst Q

Monte Carlo deactivation of active catalyst reaction rate

Monte Carlo deactivation of growing chain reaction rate

Monte Carlo chain transfer to hydrogen reaction rate for catalysts P

Monte Carlo chain transfer to hydrogen reaction rate

Monte Carlo chain transfer to hydrogen reaction rate for catalysts Q

XX



Ria M€ Monte Carlo initiation reaction rate for ethylene in catalysts P

Ria,MC Monte Carlo initiation reaction rate for ethylene in catalysts Q
Rig:M© Monte Carlo initiation reaction rate for 1-octene in catalysts P
RigM¢ Monte Carlo initiation reaction rate for 1-octene in catalysts Q
RMC Monte Carlo initiation reaction rate

rn number average chain length

Rpar™'® Monte Carlo propagation reaction rate for ethylene in catalysts P
Rpa2™'® Monte Carlo propagation reaction rate for ethylene in catalysts Q
Rpei™'® Monte Carlo propagation reaction rate for 1-octene in catalysts P
Rpe2™¢ Monte Carlo propagation reaction rate for 1-octene in catalysts Q
R,MC Monte Carlo propagation reaction rate

RMC total Monte Carlo reaction rates

RypMC Monte Carlo B-hydride elimination chain transfer reaction rate for catalysts P
RpM¢ Monte Carlo B-hydride elimination chain transfer reaction rate for catalysts Q
R,MC Monte Carlo B-hydride elimination chain transfer reaction rate

My weight average chain length

S reciprocal of the average residence time in CSTR

So chain shuttling agent

So™" chain shuttling agent molar flow rate

SBR semi-batch reactor

SCB short chain branches

SP, dormant polymer chain of length r

XXi



SP;; dormant polymer chain of length r and number of blocks i made in catalyst type P

SP, dormant polymer chain of length s

SQr; dormant polymer chain of length r and number of blocks i made in catalyst type Q
SXo 0™ moments of dormant chains

SXu 1° moments of dormant chains

SX, 2" moments of dormant chains

SXip k™ moments of dormant chains for which catalyst P made the last block

SXip.i k™ moments of dormant chains having i blocks for which catalyst P made the last block
SXko k™ moments of dormant chains for which catalyst Q made the last block

SXkaq.i k™ moments of dormant chains having i blocks for which catalyst Q made the last block
t polymerization time

Ty glass transition temperature

T melting temperature

\Y simulation volume

X ethylene molar conversion

Xo 0" moments of dead chains

X, 1t moments of dead chains

X5 2" moments of dead chains

Xg 1-octene mole fraction

Xip k™ moments of dead chains for which catalyst P made the last block

Xepi k™ moments of dead chains having i blocks for which catalyst P made the last block
Xko k™ moments of dead chains for which catalyst Q made the last block

XXii



Xk,Q,i

Yo
Y1
Y2
Yip

Yk,P,i

k™ moments of dead chains having i blocks for which catalyst Q made the last block
catalyst P mole fraction (make soft block)

0™ moments of living chains

15t moments of living chains

2" moments of living chains

k™ moments of the living chains growing in catalyst P

k™ moments of living chains growing in catalyst P having i blocks

k™ moments of the living chains growing in catalyst Q

k™ moments of living chains growing in catalyst Q having i blocks

average residence time (chapters 4 and 6)

elapsed time between the consecutive reactions (chapters 3 and 5)

XXiii



1. Introduction
Polyolefins such as polyethylene and polypropylene are among the most important thermoplastics

worldwide due to their low cost, limited impact on the environment, and broad range of
applications such as in household goods (grocery bags, food containers and toys), engineering
plastics, automotive parts, medical appliances, and prosthetic implants.! Development of new
polymers, and modifying and enhancing old polymers are goals for many researchers in both
industry and academia.

Copolymerization is away to produce a polymer with properties that are intermediate between the
properties of two or more respective homopolymers.2 Depending on the arrangement of the
monomeric units along the backbone, the copolymers can be classified into three types: alternating,
random and block copolymers. In alternating copolymers, comonomer molecules alternate in the
chain. In random copolymers, the placement of the comonomers in the chain is random. In the
block copolymer, long sequences of one comonomer are followed by long sequences of the other
comonomer. Block copolymers can be di-blocks, tri-blocks or multi-blocks depending on the

number of comonomer types used during polymerization.®

Block copolymers can be made with living polymerization by adding monomers of different types
sequentially to the polymerization reactor.* One type of monomer (or combination of
comonomers) is first polymerized to produce one block. In the absence of chain transfer reactions,
this chain will continue growing when a different monomer (or combination of comonomers) is
added in a subsequent step to make a second block type. In principle, the process can be repeated
to make multi-block copolymers. The disadvantages of this strategy is that only one polymer is
produced per catalyst molecule. In addition, the molecular weight distribution (PDI) is close to
one, making the polymer difficult to process.> Controlled free radical polymerization, on the other
hand, can be used to make block copolymers in a more efficient way, but these techniques cannot
polymerize olefins.3©

Olefin block copolymers (OBCs) can be produced using two catalysts with different reactivity
ratios toward a-olefin incorporation in the presence of a chain shuttling agent (CSA) used to
transfer growing polymer chains between the two different catalysts. This process is called chain
shuttling polymerization, and it enables the preparation of a new class of thermoplastic elastomers



consisting of at least two blocks, one soft (high a-olefin fraction) and one hard (low a-olefin
fraction). The soft block provides rubber-like (elastomeric) properties, such as hardness with a low
glass transition temperature (Tq< -40°C). The hard block works as a physical crosslink to connect
the rubbery blocks with high melting temperatures (Tm = 135°C). The chain shuttling
polymerization resolves the problems of having to deal with both low reactivity and low
polymerization temperature that are associated with living polymerization through sequential

monomers to synthesize block copolymers.”:8

Building a mathematical model can help researchers understand the microstructure of polyolefins
made by chain shuttling polymerization. The main objective of this thesis is to develop
mathematical models to predict the microstructure of OBCs made in different reactor types and
under distinct modes of operation. To reach this objective, the method of moments and Monte
Carlo simulation were used to simulate OBCs production in semi-batch reactors and in continuo us
stirred tank reactors (CSTR) operated at steady state or under dynamic conditions. It is important
to simulate semi-batch reactors because this is how catalysts are commonly tested in laboratory
scales in most olefin polymerization laboratories in academia and industry, but it is even more
important to simulate CSTRs because this is the type of reactor used industrially to make
polyolefins. Having models that apply to both modes of operation will help scientists to determine

how results obtained in their laboratories will translate into the industrial production of OBCs.

Olefin block copolymers are anew class of materials with yet undiscovered potential applications;
to some academic and industrial researchers, they constitute a revolution in polyolefin production.
Only a few published mathematical models have described the detailed molecular structure of
OBCs. In this thesis, we developed comprehensive mathematical models for these interesting
novel materials using various techniques, such as the method of moments and the Monte Carlo
method.

The main objectives of this thesis are summarized below:
1. Apply the method of moments to model the ethylene chain shuttling polymerization in a
semi-batch reactor using a single catalyst.
2. Apply the method of moments to model the ethylene chain shuttling polymerization in a
CSTR dynamically and the steady state using a single catalyst.



3. Apply the dynamic Monte Carlo method to model the ethylene chain shuttling
polymerization in a semi-batch reactor using a single catalyst.

4. Apply the method of moments to model the chain shuttling copolymerization in a semi-
batch reactor using a dual catalyst.

5. Apply the method of moments to model the chain shuttling copolymerization in a CSTR
dynamically and the steady state using a dual catalyst.

6. Apply the dynamic Monte Carlo method to model the chain shuttling copolymerization in

a semi-batch reactor using a dual catalyst.

This thesis is divided into seven chapters, as summarized below:
Chapter 1 presents the introduction, research objectives, and thesis outline.

Chapter 2 reviews the literature on olefin polymerization and olefin block copolymers, including

techniques used to develop the models employed in my research project.

Chapter 3 applies the method of moments and a dynamic Monte Carlo method to simulate the
ethylene chain shuttling polymerization in a semi-batch reactor using a single catalyst. Different
Kinetic rate constants and operation conditions are investigated, and the dynamic Monte Carlo

method and method of moments are compared.

Chapter 4 uses the method of moments to simulate the ethylene chain shuttling polymerization in
a CSTR operated dynamically and at steady state. Different Kinetic rate constants and operation
conditions are investigated. Chapter 4 also examines the effect of the reactor type on polymer

properties.

Chapter 5 applies the method of moments and a dynamic Monte Carlo simulation to investigate
the detailed microstructure of OBCs made by chain shuttling copolymerization in a semi-batch
reactor. Different Kinetic rate constants and operation conditions are investigated. The discussion
also compares the results obtained by dynamic Monte Carlo simulation and the method of

moments.



Chapter 6 simulates OBC production in a CSTR operated dynamically or at steady state using the
method of moments. Different Kinetic rate constants and operation conditions and the effect of the

reactor type on the polymer and block properties are investigated.

Chapter 7 summarizes the main conclusions of this thesis and proposes recommendations for

future work.



2. Backgroundand Literature Review

2.1 Introduction to Polyethylene

Polyethylene is the most popular and widely used commodity polymer today.® It can be
conveniently classified into three main types: low density polyethylene (LDPE), linear low density
polyethylene (LLDPE), and high density polyethylene (HDPE). Low density polyethylene,
produced by free radical polymerization in high temperature and high pressure autoclave or tubular
reactors, is the oldest type of polyethylene. It contains short chain branches (SCB) formed by
backbiting and long chain branches (LCB) resulting from chain transfer to the polymer. The SCBs
lowers its density to values varying from 0.91-0.94 g/cm®, while the LCBs increase its melt
strength and make LDPE easy to process in extruders with high throughput. The other two main
types of polyethylenes, LLDPE and HDPE, are made with coordination catalysts, not by free
radical polymerization. Linear low density polyethylene is a copolymer of ethylene and a-olefins
(1-butene, 1-hexene, 1-octene) with densities in the range of 0.915-0.94 g/cm?. Copolymerization
of ethylene with a-olefins disrupts the order of polyethylene chains due to the introduction of
SCBs. High density polyethylene is similar to LLDPE, but has fewer SCBs, with density in the
range of 0.941-0.97 g/cm?. Thus, the density, crystallinity and rigidity of LLDPE is lower than that
of HDPE. Figure 2-1illustrates the structures of these three main polyethylene types.!

0.910-0.940 g/fem* 0.915-094 g/em? 0.941-097 g/em'

Figure 2-1.Polyethylene types.!



Four catalyst types are used to make HDPE and LLDPE resins: Ziegler-Natta, Phillips,

metallocene, and post-metallocenes catalysts.

Zeigler-Natta catalysts were discovered by Karl Ziegler and Giulio Natta in the early 1950s. They
consist of a transition metal salt from groups 1V to VII (pre-catalyst), such as titanium tetrachloride
(TiCls), and organometallic compounds from groups I to Il1 of the periodic table (co-catalysts or
activators), such as trimethyl aluminum (TMA), triethyl aluminum (TEA), or diethyl aluminum
chloride (DEAC). The majority of Ziegler-Natta catalysts are solid (heterogeneous), although
soluble (homogeneous) Ziegler-Natta catalysts, derived from vanadium compounds, are
commonly used to make ethylene/propylene/diene (EPDM) rubbers. Heterogeneous Ziegler-Natta
catalysts produce HDPE and LLDPE with broad molecular weight distributions (MWD) with a
polydispersity index (PDI) in the range of 4-6, and broad and often bimodal chemical composition
distributions (CCD) due to the presence of multiple active site types. Hydrogen is commonly used

as a chain transfer agent to control polymer molecular weight.?

Hogan and Banks discovered the Phillips catalysts in 1951. Phillips catalysts are made by
impregnating a chromium compound, such as CrOs, onto a porous carrier, such as SiOz2, followed
by calcination in dry air at high temperatures. Phillips catalysts do not need to be activated by a
co-catalyst, but are instead activated by heat treatment at temperatures above 500 °C to fix the Cr
species onto the silica surface. Hydrogen is not an effective chain transfer agent for these systems,
but the MWD can be controlled by altering the characteristics of the support. Phillips catalysts also
produce polymers with broad MWD, generally broader than those made with Ziegler-Natta
catalysts, with PDI commonly exceeding 10. Phillips catalysts are mainly used to produce HDPE
due to their lower reactivity ratios toward a-olefins. They account for approximately one-third of
all HDPE produced globally.*

Effective metallocene catalysts for olefin polymerization were discovered in the 1980s. They are
organometallic compounds based on early transition metals (typically Zr, Ti, or Hf) bonded by =-
bonds between the metal and one or more aromatic rings, such as cyclopentadienyl or its

derivatives. Figure 2-2shows the general structure of a metallocene catalyst. Metallocene catalysts
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also require an activator. Alkyl aluminum compounds, such as TMA and TEA, can be used to
activate metallocenes, but the resulting system has poor activity. In 1977, Kaminsky and Sinn
increased the activity of metallocenes by a factor of about 10,000 by using methylalumoxane
(MAQO) as an activator.1® Unlike heterogeneous Ziegler-Natta catalysts, metallocenes are
homogeneous molecular catalysts having only one type of active site. Therefore, they produce

polyethylenes with narrow MWD, a theoretical PDI of 2, and narrow CCD.!

Figure 2-2. Generalized structure for a metallocene catalyst. M: transition metal; X: hydrocarbyl,
alkylidene, halogen radicals; R: hydrogen, hydrocarbyl radicals; B: bridging group.

Late-transition metal catalysts (sometimes called post-metallocenes) were discovered by
Brookhart and DuPont researchers in the early 1990s. These single-site catalysts are based on late-
transition metals, such as palladium (Pd), nickel (Ni), and iron (Fe). They can be used to
copolymerize ethylene with polar comonomers. Some late-transition metal catalysts, such as Ni-
diimine complexes, can produce SCBs through the chain walking mechanism without the addition

of a-olefin comonomers.!

Both LLDPE and HDPE are statistical copolymers of ethylene and o-olefins that have been in
commercial production since the early 1950s. More recently, Dow Chemical showed that block
copolymers® 7111213 could be made if ethylene and a-olefins were copolymerized with two
different coordination catalysts in the presence of a chain shuttling agent (CSA), and called these
novel materials olefin block copolymers (OBC). Olefin block copolymers, made by chain
shuttling polymerization (CSP) are the main subject of this thesis.



2.2 Chain Shuttling Copolymerization and Block Copolymers

Thermoplastic elastomer (TPE) block copolymers consist of at least two types of domains: soft
and hard.4 They may have different numbers of blocks, including linear di-block, tri-block, and

multi-block, but they may also have branched structures, as shown in Figure 2-3.15

Linear Block Copolymer Branched Block Copolymer
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S dblock ag miktoarm star

%3‘)(,5 triblock

(/z’;‘—.(\ﬂ b
& o starbloci
~hgy {b f“..,/U

"L,é ? multiblock

Figure 2-3.Block copolymer types.1®

Polymers of different types usually do not mix, but tend to separate into different phases. Because
the blocks in a block copolymer are linked by covalent bonds, they do not phase separate, but
rather form microphase-separated morphologies. The formation of these separate phases depends

on four factors: choice of monomers, molecular architecture, composition, and molecular size.1®

Block copolymers can be made with living polymerization by adding monomers of different types
sequentially to the polymerization reactor.* One type of monomer (or combination of
comonomers) is first polymerized to produce one block. Inthe absence of chain transfer reactions,
this chain will continue growing when a different monomer (or combination of comonomers) is
added in a subsequent step to make asecond block type. In principle, the process can be repeated
to make multi-block copolymers.>16 The disadvantage of this strategy is that only one polymer is

produced per catalyst molecule. In addition, the MWD is close to 1, making the polymer difficult



to process. Controlled free radical polymerization, on the other hand, can be used to make block

copolymers in a more efficient way, but these techniques cannot polymerize olefins.6:3

Linear olefin block copolymers (OBCs) can be produced using two catalysts with different
reactivity ratios toward a-olefin incorporation in the presence of a chain shuttling agent (CSA)
used to transfer growing polymer chains between the two different catalysts. This process is called
chain shuttling polymerization, and it makes a new class of thermoplastic elastomers consisting of
at least two blocks, one soft (high o-olefin fraction) and one hard (low a-olefin fraction). This

process is illustrated in Figure 2-4.
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Figure 2-4. Mechanism of chain shuttling polymerization.’

The soft block provides rubber-like (elastomeric) properties with a low glass transition temperature
(Tg < -40°C). The hard block works as a physical crosslink to connect the rubbery blocks with
high melting temperatures (Tm =~ 135°C). The large range between Tm and Ty makes these new
polymers available for new applications, such as higher temperature applications. The potential
applications for the OBC are the flexible extruder profile, such as refrigerator gaskets and flexib le
molded goods, such as soft-touch automotive and appliance parts. Other potential applications for
OBC are elastic film and foam applications. The chain shuttling polymerization resolves the

problems of having to deal with both low reactivity and low polymerization temperature that are



associated with living polymerization through sequential monomers to synthesis block
copolymers.12

The mechanism for chain shuttling copolymerization consists of six steps: catalyst activation with
cocatalyst, catalyst initiation with monomer, chain propagation, chain transfer, catalyst
deactivation, chain shuttling to virgin chain shuttling agent (CSA), and chain shuttling to

polymeryl-CSA.

With the exception of the steps involving CSA, these are the same elementary reactions present in
all polymerizations with coordination catalysts, as shown in Figure 2-5. The pre-catalyst,
Cp2ZrCh, is activated by MAO to generate the monomethyl complex (Cp2ZrCHsCI), and the use
of excess MAO leads to Cp2Zr(CHas)2 and ion-paired species [Cp2ZrCHs]* along with the counter
[X-Al(Me)O]a~ (X=Cl, Me). The active center [Cp2ZrCHs]* attracts m-electrons in the olefin
double bond (ethylene) and initiates the polymerization (n = 1), which is followed by a step-by-
step insertion of ethylene achieving the cationic alkyl zirconocene. A B-hydride elimination
reaction produces a dead polymer chain with terminal vinyl unsaturation and a metal hydride center

(zirconocene cation), which can initiate a new polymer chain.l’
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1 2 3 5

— - g +
: v 7 ;
4:/\ _cl & _c HaC_ . MAD g—/\ _ CzHg
o A—O{MAO |~

X =CHy, CI

+ = + = -
4 @ nCaHy &
N ~ .
— [ ZT—CHCH;—CHz | _Zr—fCHCHo—}CHg | —

T.n=23.n

- — +
P’ / nCaH, 5
" p + \ , \
—fCHCH—YCHy |, o Zr=H o | Zr—{CH.CH,—}H
/a1 % \ In

8 L 10, n=1,2..n

Figure 2-5. Ethylene polymerization mechanism with a zirconium complex.t’
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Adding a CSA to this system will generate other elementary reaction steps. During chain shuttling
to a virgin CSA, the growing polymer chain of chain length r (Pr) transfers from an active site to
a CSA (So) molecule, forming a dormant polymer chain (SPr) while releasing an active center (C)

than can form a new polymer chain, as shown in Equations (2-1),18

P4+S,— s ,sp oy C (2-1)

We assume that the active sites resulting from chain shuttling to CSA have the same behavior as

those originally produced in the activation step.

Chain shuttling to a dormant chain is a reversible reaction between growing and dormant chains,

as shown in Equation (2-2).

psp_Kw ,pgp (2-2)

where Prand Psare growing chains of length rand s, SPrand SPs are dormant chains of length r
and s, kcsao is the chain shuttling rate constant to CSA and kcsa is the chain shuttling rate constant

to the dormant chain.

If we add two different catalysts P and Q to the system, every catalyst produces growing polymer
chains (Prand Qr). These growing polymer chains react with CSA as shown in Equations (2-3)
and (2-4), forming dormant polymer chains (SPrand SQr) while releasing two active centers that
can form two new polymer chains.

P.i+S, M)SP” +C, (2-3)
Q. +8, — 2 55Q,, +C, (2-4)

The CSA shuttles the growing polymer chains between the two active sites. When a CSA molecule
reacts with a growing polymer chain, the latter becomes a dormant chain. A dormant chain
generated by catalyst P attached to a CSA molecule, represented by SPsj, has two possibilities: 1)
self-shuttling: it may be shuttled to catalyst P, represented by Ps;, followed by a propagation step
producing no new block (i.e., it will keep extending the length of the soft block, as shown in

Equation (2-5)); or 2) cross-shuttling: it may be shuttled to catalyst Q, followed by a propagation
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step, starting a new polymer block (generated by catalyst Q) attached to the soft block generated
by catalyst P, as described in Equation (2-7). This process is repeated several times until chain
transfer takes place or the polymerization stops. A similar process occurs for dormant chains made
by catalyst Q, represented by SQs;.18

P.i+Sk M)Ps,j +3SF,; (2-5)
P +SQ,; % P, ;. +SP, (2-6)
Q.+ 5P, —Kesaos 0 4 5Q, 2-7)
Q. +5Q,, ez _,q s, (2-8)

In Equations (2-5) to (2-8), kcsaiseir and Kesazseir are seff-chain shuttling rate constants (growing
and dormant chains made in the same catalyst) for catalyst P and Q, Kcsaicrossand Kcsazcross are
cross-chain shuttling rate constants (growing and dormant chains made in different catalyst) for

catalyst P and Q, and i and j are number of blocks per chain.

In their landmark paper, Arriolla et al.” tested a series of catalysts and CSAs to find a suitable set
of conditions for the synthesis of OBCs. They determined that diethylzinc (Et2Zn) was a good
candidate for CSA, combined with a dual catalyst system formed by zirconium bis(phenoxyimine)
and hafnium pyridylamide. The cocatalyst used to activate these single-site catalysts was
fluorinated phenylborate. The monomer was ethylene and the comonomer was 1-octene.® The
polymerization temperature was greater than 120 °C to prevent polymer precipitation. Arriolla et
al. investigated every catalyst individually and as a mixture, in the absence or presence of CSA. In
the absence of Et2Zn, the copolymers have a high molecular weight and bimodal MWD (PDI =
13.8), but in the presence of Et2Zn, the molecular weight of the copolymer decreased and the MWD
converged to the most probable molecular weight distribution (PDI = 1.97) as shown in Figure
2-6.8
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Figure 2-6. Effect of CSA on the MWD of an ethylene/1-octene copolymer made with two
catalysts in a semi-batch reactor.1?

Diethyl zinc (Et2Zn) had long been used as a chain transfer agent with Ziegler-Natta catalysts, but
for many decades it has been replaced by hydrogen.?® Et.Zn decreases the polymer molecular
weight and reduces catalyst activity due to the formation of strong heterodinuclear adducts of the
type [L2Zr(u-alkyl) (u-R)ZnR]*. It can also be used as an impurity scavenger with Phillips
catalysts. Wei?! reported that adding a suitable amount of Et2Zn to ethylene polymerization using
metallocene/MAQO can increase the activity four to five times and double it for ethylene
copolymerization compared to polymerization without Et.Zn; however, the molecular weight
decreases as the Zn/Zr ratio increases. Wei claimed that the reduction of the molecular weight is
not significant at low concentrations of Et2Zn. Zirconium bis(phenoxyimine) was independently
discovered by Fujita et al.2?2 and Coates?® in 1998. It is highly active for ethylene polymerization,
being twice as active as Cp2ZrCl under the same conditions.?* In 2004, Dow Chemical discovered
hafnium pyridylamide,2> which is also very active for ethylene polymerization and shows highly
isotactic selectivity in the case of polypropylene and good a-olefin incorporation. This catalyst is

thermally robust and produces polymers with high molecular weights.

The advantage of chain shuttling polymerization over other methods that may be used to make
block copolymers is that it uses two active propagation centers and can be conveniently operated
in a CSTR at high production rates. The use ofa CSTR also produces OBCs with the most probable

distribution for both block length and molecular weight, making these polymers easier to process. 18

Chain shuttling polymerization may also be used to produce mainly di-block OBCs using a single
catalyst and two CSTRs in series operated under different polymerization conditions. Hustad et
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al.1! synthesized a di-block by using the catalyst hafnium pyridylamide following the procedure
illustrated in Figure 2-7: 1) ethylene, o-olefin (low concentration), catalyst, and CSA were fed to
the first CSTR to produce HDPE blocks; 2) the contents of the first CSTR flowed continuously to
the second CSTR to which fresh catalyst, ethylene, and a high amount of a-olefin was added to
produce very low density polyethylene (VLDPE) blocks. This procedure makes a di-block polymer
with hard (HDPE) and soft (VLDPE) blocks, differently with the multi-block polymers made with
two catalysts in asingle CSTR.

Primary Reactor Secondary Reactor
== = == + = R
= +
m R m
CAT™
CAT*—HDPE CAT*-VLDPE—HDPE
CSA w +
n CSA-HDPE n CSA-VLDPE-HDPE

Me\ Me = lH*’
Hf—N~ ¢
CAT* = CSA = ~_Zn ™
O B O HDPE-block-VLDPE
Diblock Copolymer
Figure 2-7.Preparation of di-block OBC.1?

Chain shuttling polymerization may also be combined with chain walking polymerization to
synthesize linear-hyperbranched multiblock polyethylene using a mixture of two catalysts where
one catalyst (such as a Ni-diimine catalyst) produces branched polyethylene via chain walking
polymerization, and the other catalyst (such as a metallocene) makes linear polyethylene in the
presence of a CSA to shuttle blocks between the two catalyst types.26:2” Martins et al. 26 reported
the synthesis of such block ethylene copolymers using an a-diimine nickel and rac-ethylene
bis(Ha-indenyl)ZrChk, and EtZn as a CSA at different temperatures. The authors found that
polymerizing ethylene with the two catalysts without EtoZn produced a less crystalline
polyethylene, but when Et.Zn was introduced in the reactor, the crystallinity increased. The
polymer produced by the a-diimine nickel catalyst was amorphous, whereas that made with rac-
ethylene bis(Hs-indenyl)ZrCl, had a high melting temperature. The polymer made by the catalyst
mixture without EtZn had a melting temperature lower than or equal to that of the polymer

produced by rac-ethylene bis(Hs-indenyl)ZrCl alone. However, adding Et2Zn led to the
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production of polymer with a higher melting temperature. No data was provided for the MWD,
and since chain shuttling cannot be confirmed from the melting temperature data alone, it is
questionable whether the authors indeed made block copolymers in their experiments. Similar
work was carried out by Xiao et al.?’, but they used different catalysts: o-diimine nickel
(INbromide and rac-Et(Ind)2ZrCl. The resulting polymer was a linear-hyperbranched multib lock
polyethylene due to the exchange of the growing polymer chain between the two catalysts via
CSA. Without CSA, the produced polyethylene was bimodal with a broad MWD with PDI =3.77,
but by introducing CSA the MWD became unimodal with PDI = 1.91. 3C NMR was used to
confirm the branching structure, demonstrating that short branches from methyl, ethyl, butyl, and
amyl were produced. The authors proposed that their polymer would have better end-use
properties, such as a higher melting temperature due to the existence of linear polyethylene and

increased toughness due to the existence of hyper-branched polyethylene.

Van Meurs et al.?® reported different catalysts for ethylene polymerization in the presence of MAO
with and without Et2Zn. In the presence of Et2Zn, they found most catalysts produced polymers
with MWD between Flory’s to Poisson’s distribution.

Chain shuttling polymerization can be also used to make isotactic stereoblock polypropylene. Xiao
et al?® investigated the effect of Et2Zn as a CSA on polypropylene synthesized with two
metallocene catalysts: rac-Et(Ind).ZrCL  (isotactic  polypropylene) and Cp2ZrCk (atactic
polypropylene). The addition of EtoZn decreased the activity of the dual catalysts, the melting
point, and the crystallinity of polypropylene. It also decreased the average molecular weight due
to the chain shuttling reaction, but strangely, the MWD did not change. They found that the value
of the [mmmm] pentad decreased from 92 to 84 with the presence of EtoZn and new peaks of
[rmmr] and [rmrr+mmrm] pentads appeared when Et2Zn was used as confirmed by 13C NMR due

to the altering of the microstructure of polypropylene by chain shuttling polymerization.

Chien et al.2% studied the polymerization of propylene using a mixture of two zirconium catalysts:
rac-ethylenebis- (1-n°-indenyl)zirconium dichloride as Catl or rac-dimethylsilylenebis(1-n°-
indenyl)zirconium dichloride as Cat2 (Catl and Cat2 make isotactic polypropylene, i-PP) and
ethylenebis(9-n°-fluorenyl)zirconium dichloride as Cat3 (make syndiotactic polypropylene, s-PP)
with the presence of triisobutylaluminum (TIBA), a cocatalyst. They use Catl/Cat3 or Cat2/Cat3
as a mixture in the ratio from 8:2 to 1:9 and individually to polymerize the propylene in different
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polymerization conditions. The obtained polymer was a blend of isotactic (i-PP) and syndiotactic
(s-PP) polypropylene as well as a small stereoblock fraction (i-PP-b-a-PP). The 13C nuclear
magnetic resonance (*3C- NMR) and the microscopy analysis showed the presence of the
stereoblock fraction. The gel permeation chromatography (GPC) showed broad MWD (PDI =
2.82).

Chien et al.®! studied the polymerization of propylene using a mixture of two zirconium catalysts:
diphenylmethylidene (1-n°-cyclopentadienyl)-(9-n°-fluorenyl)zirconium dichloride (makes s-PP)
and rac-ethylenebis- (1-n°-indenyl)zirconium dichloride (makes i-PP) with the presence of TIBA,
a cocatalyst. A bimodal molecular weight distribution was detected by GPC. Fourier transform
infrared spectroscopy (FTIR) showed that GPC fractions contain i-PP and s-PP. The authors
proposed the exchange of propagation chains between the two catalyst sites and concluded that

this principle can be used to produce i-PP and s-PP segments in the same chain.

Przybyla and Fink32 used two different catalysts supported on the same silica carrier to produce
isotactic, syndiotactic, and stereoblock polypropylene. They studied two systems: 1) rac-
Me2Si[Ind]2ZrCEL  (makes i-PP) and i-Pr[FluCp]-ZrCl. (makes s-PP) are supported on a PQ-
SilicayMAO and 2) rac-Me2Si[IndR2].ZrCl. and i-Pr[FluCp]-ZrClk are supported on a Grace
Silica/MAO. They were able to produce stereoblock polypropylene using the first system. The
existence of stereoblock chains was proven by the fractionating results by using TREF followed
by 13C-NMR and GPC analysis. The GPC analysis showed that the first fraction consisted mainly
of i-PP and parts of a stereoblock, the fifth fraction was nearly pure s-PP and parts of a stereoblock,
and the third fraction was a stereoblock. The NMR showed that the fifth fraction was nearly pure
s-PP with traces of a stereoblock. The melting temperature of all polymer fractions varied between

the melting temperature of i-PP and s-PP.

Lieber and Brintzinger3® reported the polymerization of propylene using Me2Si(2-Me-4-tBu-
CsH2)2ZrCL/MAO (makes i-PP), Me2Si(2-Melnd)2ZrCL/MAO (makes i-PP),
H4C2(Flu)2ZrCL/MAO  (makes a-PP), and Ph.C(Cp)FluzZrCL/MAO (makes s-PP). Different
catalysts were studied, both individually and as a mixture, and the authors concluded that the
formation of stereoblock polypropylene depended on the exchange between the catalyst centers

and the Al centers of the cocatalyst.
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Tynys et al3* studied the effect of diphenylmethyl(cyclopentadienyl)(9-fluorenyl)zirconium
dichloride and rac-dimethylsilybis(4-tert-butyle-2-methyle-cyclopentadienyl)zirconium
dichloride on the polymerization of propylene. The first catalyst produced high molecular weight
syndiotactic polypropylene and the second low molecular weight isotactic polypropylene. To
shuttle the polymer chain between the two catalysts, trimethylaluminium (TMA) was used as a
CSA. The product was a mixture of isotactic and syndiotactic polypropylene. The GPC analysis
showed a bimodal peak, indicating extremely limited reversible transfer. Even the isotactic and
syndiotactic polypropylene blocks had a high melting temperature (Tm = 133°C), but relatively
high glass temperatures (Tg~ 0°C).

Pan et al.3° reported the first example of chain-shuttling copolymerization of styrene, isoprene, and
butadiene using binary mixtures of the three catalysts shown in Figure 2-8 and TIBA asa CSA.
Catalyst 1 has high activity and high selectivity for syndiotactic polystyrene (s-PS), but low
activity and low selectivity for isoprene; Catalyst 2 has high activity and high cis-1,4-selectivity
for isoprene polymerization, but low activity and low selectivity for styrene polymerization;
Catalyst 3 has high 3,4-selectivity for isoprene polymerization. Using catalyst 1 and catalyst 2
without CSA, the copolymerization of styrene and isoprene gave a polymer mixture of cis-1,4-PIP
homopolymer and a styrene—isoprene copolymer containing mainly s-PS blocks with mixed 1,4-
/3,4-PIP units. By adding the CSA to the previous mixture, the copolymerization of styrene and
isoprene took place. A perfect s-PS and highly regulated cis-1,4-PIP blocks with high molecular
weight (Mn=109.4 kg/mol) and narrov MWD (PDI = 1.43) was prepared. Using catalyst 1 and
catalyst 3 without CSA, the copolymerization of styrene and isoprene gave PS and PIP sequences.
By adding CSA to the previous mixture, the copolymerization of styrene and isoprene had perfect
s-PS (>99%) and 3,4-PIP (90%) blocks.

e o M
MesSi  “siMes, MesSi  “SiMeg //( Nin
MesSit giMe,
1 2 3

Figure 2-8. Structure of scandium catalysts used by Pan et al.3>
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Valente et al.36 classified the chain shuttling polymerization of ethylene, propylene and o-olefins
into three cases: 1) Single monomer (ethylene) and multiblock linear-branched polyethylene: one
catalyst makes linear polyethylene blocks, and the other produces branched blocks via chain-
walking polymerization; 2) Two monomers (cthylene/a-olefin) and multiblock linear
polyethelene: one catalyst forms HDPE blocks, and the other makes lower density blocks; and 3)
Single monomer (propylene) and multiblock stereoblock polypropylene: one catalyst produces

isotactic polypropylene blocks, and the other makes syndiotactic or atactic polypropylene.

2.3 Chain Shuttling Polymerization Modeling and Characterization
The characterization of the OBC microstructure is a challenging task because the conventional
characterization technique cannot directly probe either the distribution or the average number of
blocks per chain. We can fractionate mixtures of substances and characterize the comonomer
content, for example, using NMR, but in the case of OBC, it is impossible to separate the hard and

soft blocks because they are covalently connected.3’

In olefin copolymers, Flory’s equilibrium melting theory showed that the relationship between
melting temperature and mole fraction of crystallizable unit is linear by plotting Ln (X) vs 1/T as
shown in Figure 2-9.In OBCs, the linearship is deviated.38

1 1 T0-T, R
T, TS T,T Z_[AH Jlnx“ @9)

m

In Equation (2-9), Tn? is the melting temperature of an infinited long chain of homopolymer A, Tm

is the melting temperature of a random copolymer AB, AHy is the enthalpy of melting for repeating

unit A and Xa is the molar fraction of the crystallizable unit A.
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Figure 2-9. Flory theory.38

By using Pythagorean Theorem, Shan and Hazlitt3® built two triangles as shown in Figure 2-10.
Tx is the elution temperature measured by ATREF, Xxis the ethylene mole fraction measured by
NMR, Ta is the ATREF elution temperature for the pure ‘‘hard segment”, and Pais the ethylene
mole fraction for the pure ‘‘hard segment”’. Ta and Pa can be set to values for high density
polyethylene homopolymer or it can be set to values corresponding to the actual hard segment, if
known. The Pas corresponds to the measured (NMR) ethylene mole fraction in the whole polymer
prior to fractionation and the Tas corresponds to the calculated random copolymer equivalent
ATREF elution temperature based on the measured Pas. From the measured ATREF elution
temperature, Tx, the corresponding random ethylene mole fraction, Pxo, can also be calculated.
Similarly, from the measured NMR composition, Xx, the corresponding random elution

temperature, Txo, can be calculated.

19



(1/T,,LnP,)
0.00

(/T ,LnP,.)

-0.02 A

-0.04

-0.06

LnP or LnX

(1/T,LnX,) {(1/T o, LNP,)
-0.08 &
-0.10 \
- (1/Ta.LnX,p) (1/T pg,LNP )
0.0026 0.0027 0.0028 0.0029 0.0030 0.0031 0.0032

(T = ATREF peak elution temperature, K)

Figure 2-10. Definition of the block index.38

Shan and Hazlitt3® defined the ratio of the area of the (Tx, Xx) triangle and the (Ta, Xag) triangle, as
the block index (BI). The Bl is used to quantify the deviation of the peak temperature of analytical
temperature rising elution fractionation (ATREF) profiles of OBCs from that of random
copolymers with the same comonomer fraction. The Bl can vary from zero to one: if Bl =0, the
comonomer is randomly distributed in the copolymer; as the value of Bl increases, the copolymer

becomes “blockier”.

g YT -UT,

LT, 1T, &1

where Tx is the peak TREF elution temperature (Te) of the OBC fraction of narrow chemical
composition, Txo is the elution temperature of the equivalent narrow composition random
copolymer, Tais the elution temperature of chains composed of a single hard block, and Tag is the
elution temperature of a random copolymer with the same average composition of the whole OBC.
This parameter can be used to interpret the degree to which the intra-chain comonomer distribution
IS blocked—namely, the larger the BI, the “blockier” the polymer will be. The BI value can be
used to shift the elution temperature from the expected elution temperature of the equivalent
random ethylene/a-0lefin copolymers (Txo) to that of the OBC (Tx) as shown in Figure 2-11.
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Figure 2-11. Melting temperature shifts in OBC.

Anantawaraskul et al.3% developed a Monte Carlo simulation to describe the CRYSTAF profiles
for OBC. The model was adapted from the CRYSTAF model for random ethylene/a-olefin
copolymers, where the longest ethylene sequence (LES) depends on the molecular weight and the
copolymer content. They used the BI definition and a linear relationship between the BI and
comonomer content based on the equation developed by Shan and Haziitt.3® The effect of
polymerization parameters (chain shuttling probability, propagation probability, and catalyst ratio)
on the distribution of the longest ethylene sequence (LES) per chain and Crystaf profile was
investigated. Anantawaraskul et al. found that when the chain shuttling probability increases from

zero to 0.2306, the LES distribution moves from bimodal to unimodal.

Bl =4.7833xCC +0.143 (2-11)

In Equation (2-11), CC is the comonomer content that can be predicted by the Monte Carlo model.
The degree of crystallinity of arandom ethylene and a-olefin copolymer can be calculated by using
the Avrami equation for the same monomer content and LES as each simulated from the Monte
Carlo model. The BI estimated for each chain and the simulated results (i.e., comonomer contents
and LES) can be used to shift the OBC chains’ crystallization temperature and predict the
CRYSTAF profile.

Anantawaraskul et al.#% extended their previous model to study the effect of polymerization
parameters (chain shuttling probability, propagation probability, and catalyst ratio) on the chemical
composition distribution (CCD). They found that with small chain shuttling probability (Ps), the
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LES and CCD distribution are bimodal distribution , but as Ps increases the bimodal distribution

converts into asingle distribution.

Mathematical models are required to help understand the complex microstructures of polymers
made by chain shulling polymerization involving several catalysts, cocatalysts, CSAs,
comonomers, and reactors. Several modeling techniques can be used to predict these
microstructures from an assumed polymerization mechanism and conditions. Population balances
can be used to describe the complete MWD of polymers based on molar balances for the
concentration of living, dead, and dormant polymer chains of different lengths, but a large
computational effort is required to solve the resulting set of simultaneous ordinary differential
equations. The method of moments is a simple approach to modelling molecular weight averages
because it only requires solving a few ordinary differential equations to obtain the 0", 15t, and 2
(or higher) moment equations of the full MWD. The method of instantaneous distributions can
also be used to describe the complete MWD, but distributions are not yet available for chain
shuttling polymerization. Finally, Monte Carlo simulation is a powerful method based on reaction
probabilities and randomly generated numbers that can be used to predict the complete MWD and
other microstructural distributions of polymers made with chain shuttling polymerization without

solving any differential or algebraic equations.*?

Hustad et al.#2 described a model for chain shuttling polymerization to study the effects of
reversibility of chain shuttling on the number and weight average molecular weight with a single
catalyst in a semi-batch reactor. The model was based on population balances and the method of
moments. The authors investigated three theoretical cases: irreversible chain shuttling (chain
shuttling rate constant to CSA, kcsao >0 and chain shuttling rate constant to dormant chain is zero,
kcsa =0), reversible chain shuttling (kcsao = kcsa > 0), and semi-reversible chain shuttling (kcspo >
0and kcsa>0, but kcsao#kcesa). They found that, in the case of irreversible chain shuttling, initially
PDI increases dramatically above 2 and then drops to 2 as the polymerization goes on. In the case
of reversible chain shuttling, the PDI first falls below 2 and then increases due to the accumulation
of dead polymers in the reactor resulting from the chain transfer reaction. In the case of the semi-
reversible chain shuttling, if kcsao >> kcsa>0, at the initial point of polymerization, the PDI
increases dramatically above 2 and then drops to 2 as the polymerization proceeds. As Kcsa

approaches Kcsao, the PDI initially decreases below 2 and approaches 2 as the polymerization
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proceeds. The model does not consider the effect of reversibility of chain shuttling on the chain

microstructure of copolymerization using dual catalysts.

Zhang et al.#3 conducted a theoretical investigation of the validity of the Mayo-Lewis equation in
chain shuttling copolymerization using one or two catalysts. They found that, in the presence of
CSA, the Mayo-Lewis equation is valid only if one catalyst is used. However, if dual catalysts are
used, the Mayo-Lewis equation is only valid if the rate of chain shuttling is smaller than the rate
of propagation. But if this condition is violated (i.e., the rate of chain shuttling is higher than the
rate of propagation), the Mayo-Lewis equation is not valid due to variations in the composition of

the active center.

Zhang et al.*® were the first to develop a kinetic model for the chain shuttling copolymerization of
ethylene and a-olefin with dual catalysts in a single stirred-tank reactor using the method of
moments. Only chain transfer to hydrogen was considered. The model assumed that the operation
of the CSTR was homogeneous and isothermal. Their model predicted the average molecular
weight properties and overall copolymer composition, which was validated using Arriolla et al.’s
experimental data.” Different cases have been investigated, including the effect of the chain
shuttling rate constant, chain shuttling feed rate, catalyst composition, and monomer composition

on the overall polymer structure (see Table 2.1).
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Table 2.1. Summary of Zhang et al.’s'® model (block copolymers in a single CSTR).

Factor

The effect

Increase of chain shuttling

rate constant.

Increase of chain shuttling
agent feed rate.

Increase of molar fraction of
catalyst 1 (good comonomer

incorporator).

Increase of ethylene weight

fraction.

Mn decreases and reaches a constant value before
increasing again.

Polydispersity decreases and approaches 2.

Mn decreases.

Polydispersity decreases and approaches 2.

Octene conversion increases, and ethylene conversion
decreases slightly.

Weight fraction of block 1 (generated by catalyst 1)
increases.

Mn decreases significantly.

Polydispersity increases slightly above 2 and then drops
to 2, where it remains for a wide range of catalyst 1
composition because of the nature of chain shuttling.
Molar fraction of ethylene in each block increases.
No change in the hard block (block 2 generated by
catalyst 2).

Ethylene and octene conversion increases because the
less reactive octene tends to decelerate the
polymerization.

Mn increases.

Polydispersity remains around 2 because of the nature of

chain shuttling.

Zhang et al.*4 extended their previous work to predict the average block structure, such as average

number of blocks per chain, average block length, and the average number of linkage points

between the soft and hard blocks ona chain. The effects of the relative chain shuttling rate constant

and relative chain shuttle feed rate on the average block structure were also investigated. The

relative chain shuttling rate constant is defined as the ratio between the chain shuttling rate constant
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and a reference chain shuttling rate constant, while the relative chain shuttling feed rate is defined
as the ratio between the chain shuttling feed rate and a reference chain shuttling feed rate. The
effect of the relative chain shuttling rate constant can be defined in two regions: Below 1, the
average number of linkages is close to zero, but as the relative chain shuttling rate constant
increases, the average number of linkages and blocks per chain increases, and the average length
of blocks 1 and 2 decreases. Almost the same phenomenon was observed with the relative chain
shuttling feed rate. As the relative chain shuttling feed rate increases, the average number of
linkages and blocks per chain initially increases to a certain point and then drops while the average
length of both blocks decreases, thereby indicating the homogenization of the resulting polymers.
The model predicted the owverall properties, but failed to capture the detailed properties of the

individual blocks and their time evolution.

Ahmadi et al.#°> also used population balances and the method of moments to predict the molecular
weight average of the whole polymer. They used different process conditions than Zhang et al. did
in their paper. Ahmadi et al. studied the effect of the reversibility of the chain transfer on the
molecular weight averages of the final product. Their model did not identify the properties of
individual blocks (Chapters 5 and 6 in this thesis covers these missing properties from Zhang et
al’s and Ahmadi et al.’s works).

Anantawaraskul et al. were the first to develop a Monte Carlo simulation to study the effect of
different parameters’ probabilities on the distribution of the number of blocks per chain made in
CSTR operated at steady state. They found that, as the probabilities of chain shuttling and the
probability of propagation increased, the distribution of the number of blocks per chain and the

weight average number of blocks per chain increased.3’

Mohammadi et al.*® developed a detailed model for chain shuttling polymerization using dynamic
Monte Carlo simulation. Therr model used the process condition published in Zhang et al’s
paper.1® The effects of CSA on the copolymerization were studied. The effect of hydrogen and
CSA on the ethylene sequence length distribution (ESLD) and longest ethylene sequence length
(LESL) was studied. They found that the introducing CSA in CSP using two catalysts converts the
bimodal MWD and CCD to unimodal. They found that the formation of dead chains led to increase
the width of MWD and CCD. If no chain transfer occured, the CSP would fallow the characteristic

of living polymerization i.e My increases linearly and PDI reaches unity.
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Recently, the same authors extended their previous work to investigate the microstructural
evaluation of hard and soft block populations, such as the average number of blocks per chain,
block averages, degree of polymerization, PDI and comonomer composition as a function of time.
They also studied the microstructural distribution at the end of polymerization such as the
distribution of the number of blocks per chain, block length distribution, CCD and ESLD.#’ The
effects of process conditions such as CSA level, monomer composition, and catalyst composition
on the microstructure of OBC at the end of polymerization, such as the number of blocks, the
lengths of soft and hard blocks, the composition of the blocks (SB/HB ratio), CCD of the overall
polymer, were also studied by Ahmadi et al.*® They found that at high CSA levels, the shuttling
reaction is rapid and the blocks are so short and the average ESL would be undistinguishab le
between hard and soft blocks, i.e., the ratio of ESL between hard and soft blocks approaches unity,
and a random copolymer is formed. On the other hand, at low CSA levels, copolymer chains can
be formed independently by individual catalyst without any shuttling reaction. Different CCDs are
produced at low CSA levels. The bimodal distribution disappears at higher CSA levels and
converts to a narrow peak at higher CSA levels. Similar behavior can be obtained with MWD as a

function of the CSA level; however, the difference is more profound in CCD.

More recently, Tongtummachat et al.*® developed a dynamic Monte Carlo simulation to describe
the Kinetic of chain shuttling copolymerization using two catalysts operated in a semi-batch
reactor. They used the same process condition as appeared in Zhang et al.’s paper®® to study the
effect of the CSA concentration and chain shuttling constant on the evolution of chains with a
different number of blocks as a function of time. They found that the properties of OBCs depend
strongly on the CSA concentration and chains shuttling constant. However, the concentration of
CSA significantly affected the average molecular weights, the molecular weight distribution, and
the number fraction for chains with different numbers of blocks. As the CSA concentration
increased, the molecular weight averages for overall polymer and for chains with different
numbers of blocks decreased, because the CSA works as a reversible chain transfer agent and chain
shuttling agent at the same time. Furthermore, the increase in CSA concentration increased the
number fraction of multi-blocks and decreased the number fraction of chains with fewer blocks

because as CSA concentration increased, the chain shuttling rate increased.
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3. Simulation of Ethylene Chain Shuttling Polymerization in a Semi-Batch
Reactor using the Method of Moments and a Dynamic Monte Carlo
Model

3.1 Overview
We simulated the chain shuttling polymerization of ethylene with a single catalyst in a semi-batch
reactor using the method of moments and a dynamic Monte Carlo model. The method of moments
predicts molecular weight averages, while the dynamic Monte Carlo method predicts the complete
chain length distribution (CLD) of polyethylene as a function of polymerization time. The
objective of this study was to compare the results obtained with the dynamic Monte Carlo method
with the method of moments, and to use both techniques to study the effect of process conditions

and simulation parameters on the microstructure of polyethylene made with chain shuttling
polymerization.

3.2 Ethylene Chain Shuttling Polymerization Mechanism
The mechanism used for ethylene chain shuttling polymerization consists of six steps: catalyst
initiation with ethylene, chain propagation, chain transfer, catalyst deactivation, chain shuttling to
virgin chain shuttling agent (CSA), and chain shuttling to polymeryl-CSA (dormant polyethylene
chain bonded to a CSA molecule). Table 3-1 summarizes these polymerization steps. Additional
model assumptions include: 1) instantaneous activation of catalyst by co-catalyst, 2) constant
reaction volume, 3) constant polymerization temperature, 4) reaction rates independent of chain
length, 5) initiation rate constant, ki, equal to the propagation rate constant, kp, 6)first-order catalyst
decay kinetics, and 7) active sites resulting from B-hydride elimination, chain transfer to hydrogen,
and chain shuttling to CSA that have the same behavior as those originally produced in the
activation step. Chain transfer happens via two mechanisms: B-hydride elimination and chain

transfer to hydrogen.

The polymerization mechanism in Table 3-1 is the same as the standard one for olefin
polymerization with coordination catalysts, except for the steps involving CSA, as was explained
in Chapter 2. During chain shuttling to virgin CSA, a growing polymer chain transfers to a CSA

molecule, forms a dormant polymer chain and releases an active center that can form a new
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polymer chain, as shown in Equation (3-7). Chain shuttling to dormant chain is a reversible

reaction between living and dormant chains, as shown in Equation (3-8).18

Table 3-1. Mechanism for ethylene chain shuttling polymerization.

Description Chemical equations Rate constants Equation
Initiation C+M P Ki (3-1)
Propagation |:)r +M > Pr+l Kp (3-2)
B-hydride elimination P D +C Kip (3-3)
Chain transfer to hydrogen P+H,—>D, +C K (3-4)
Deactivation of growing chain P.— D, +C, Kqg (3-5)
Deactivation of active catalyst Co Cd Kq (3-6)
Chain shuttling to CSA P+S,>SP+C Kcsao (3-7)
Chain shuttling to dormant chain Pr + SPs N Ps + SPr Kcsa (3-8)

C: active site, Cy4: deactivated site, P,: growing polymer chain of length 1, P,: growing polymer chain of
length r, Ps: growing polymer chain of length s, D,: dead polymer chain of length r, SP,: dormant polymer
chain of length r, SPs: dormant polymer chain of length s, M: ethylene, Sy: chain shuttling agent, H:
hydrogen, k;:initiation rate constant, k,: propagation rate constant, k 4: f-hydride elimination chain transfer
rate constant, ky: chain transfer to hydrogen rate constant, kq: deactivation rate constant, Kcsao: Chain
shuttling rate constant to CSA, and Kcsa: chain shuttling rate constant to dormant chain.

3.3 The Method of Moments

We define the k™ moment, i, of a generic distribution, f(r), as,5°

b =Sr () (3-9)

This thesis uses the following conventions: Yk is the k™ moment of living chains, SX is the kI

moment of dormant chains, and Xk is the k'™ moment of dead chains,

Y =D 1P, (3-10)
r=1
SX, =D _r*sp, (3-11)
r=1
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X, =>rD, (3-12)
r=1

The population balance for living chains with length greater than 2 is,

dP
d_tr =k,M (P.-P)- (ktﬂ + K Hy + Ky +KespoSo + kCSA(SXO))Pr +KesaYo(SP,) (3-13)

and for living chains with length 1,

dpP,
dt

= kiCM - kp P:I.M - (ktﬁ + ktH Hz + kd + kCSAOSO + kCSA(SXO))Pl + kCSAYO(SPl) (3_14)
Similarly, the population balance for dormant chains is,

d(SP,
% = kCSAOSOPr + kCSA(SXO)Pr - kCSAYO(SPr) (3-15)

Finally, the population balance for dead chains is,

dD,
dt

= (kys +kyH, +ky)P, (3-16)

Table 3-2 shows the equations for the Ot", 1t and 2"d moments, derived using the definitions in
Equations (3-10) to (3—12) and the population balances in Equations (3-13) to (3—16). Table 3-3
lists the mole balances for catalyst, CSA, ethylene, and hydrogen. Appendix 3-A presents the
derivations of these equations in detail. Table 3-4 summarizes the expressions for number and

weight average chain lengths for overall, living, dormant, and dead polymer chains.°
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Table 3-2. Moment equations for ethylene chain shuttling polymerization in a semi-batch reactor.

Description Moment equations Initial value
0" Moment of gy 0
living chains d_to =kMC - (ktﬁ + Ky Hy + Ky +KespoSo )Yo
15t Moment of dy 0
living chains d_tl =kMC +k MY,
- (ktﬂ + ktH H2 + kd + kCSAOSO + kCSA(SXO))Yl + kCSA(le)YO

2 Moment of gy, 0
living chains il L +k,M (Y, +2Y,)
Oth M f - (kl,[} + le H 2 + I(d + kCSAOSO + kCSA(SXO ))YZ + kCSA(SXZ )YO O

oment 0 dXx
dead chains d_to = (ktﬁ' +ky Hy +ky )Yo
1 Moment of  gx 0
dead chains dtl = (ktﬂ +ky H, +Kq )Yl
2" Moment of  dX 0
dead chains _dt2 = (ktﬁ +kH, +Ky )Y2
0™ Moment of d(SX,) k. Sy 0
dormant chains dr  csaoolo
1 Moment of  g(sX 0
dormant chains (Tl) = (kCSAOSO +kCSA(SX0 ))Yl - kCSA(le)YO
2" Moment of  d(SX 0
dormant chains (dt 2) = (kCSAOSO +kCSA(SX0))YZ - kCSA(SXZ )Yo

C: catalyst concentration, M: ethylene concentration, Sy: chain shuttling agent concentration, H,: hydrogen
concentration, Yo: 0" moments of living chains, Y;: 15t moments of living chains, Y,: 2" moments of living
chains, Xo: 0" moments of dead chains, X;: 15t moments of dead chains, X,: 2"Y moments of dead chains,
SXo: 0" moments of dormant chains, SX;: 15t moments of dormant chains, and SX,: 2" moments of dormant
chains.
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Table 3-3. Mole balance equations for ethylene chain shuttling polymerization in a semi-batch

reactor.
Description Molar equations Initial value
Catalyst Cc
Iy (fj_ct: = _(ki M + kd )C + (ktﬂ + ktH Hz + kCSAOSO )Yo
Chain shuttling agent (CSA) (¢ S, CSA
o F = _kCSAOYOSO y
thylene dMm
o= —(k,C+k,Y, M
Hydrogen dH H,
dt2 =—ky,YoH,
Deactivated sites dc 0
Ehl - td=kd(Y0+C) .
thylene consumption dm
mP:&C+ngM

Table 3-4. Average chain lengths.

Description Number average ~ Welght average Polydispersity,
chain length, r, chain length, r,, PDI
Overall polymer Y, + X, +SX, Y, + X, +SX, poverall
Y, + X, +SX, Y, + X, +SX; rovera!
Living polymer Y, Y, plving
Z Y_l rn|iving
Dormant polymer SX, SX,  dormant
SX, SX,  dormant
Dead polymer X, X,  dead

The number and weight average molecular weights, Mn and Mw, for all polymer types are
calculated by multiplying the number and weight average chain lengths by the molecular weight

of ethylene.

Finally, ethylene molar conversion is given by Equation (3-17),

MP
X =
M+M,

The differential equations in Table 3-2 and Table 3-3 were solved simultaneously in Matlab using

the stiff differential equation solver odel5s.5!
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3.4  Dynamic Monte Carlo Model

One of the advantages of dynamic Monte Carlo models is that one does not need to solve
differential equations to obtain the complete chain length distribution (CLD) or any other polymer
microstructural distribution, such asthe chemical composition distribution (CCD) or the long chain
branching distribution of polymers made in batch, semi-batch, or continuous reactors. The method
requires: 1) the selection of a suitable control volume, 2) the transformation of macroscopic or
experimental reaction rate constants (k®®)to microscopic, or Monte Carlo, reaction rate constants
(kM©), and 3) the selection of several reaction steps using randomly generated numbers. The
dynamic Monte Carlo model described below is based on the general simulation method developed
by Gillespie.5>?

For a generic reaction, we can define Monte Carlo reaction rates and constants, RMC and kMC,
RMC :koNC (3-18)

where Nc is the number of unique combinations between reactant molecules. Monte Carlo reaction
rates and constants have units of reciprocal time. The number of combinations between reactant

molecules depends on the type of reaction taking place, as explained below.

B-Hydride elimination and deactivation are unimolecular reactions. For instance, for B-hydride

elimination, Equation (3-19) is obtained

k
P—Y D +C (3-19)

Forunimolecular reactions, the number of independent combinations equals the number of reactant

molecules, np, as shown in Equation (3-20)
Ne =np (3-20)

Initiation, propagation, transfer to hydrogen, and chain shuttling are bimolecular reactions between

different molecules. For instance, the propagation reaction is given in Equation (3-21),

I:)r +M kP ? I:)r+1 (3-21)
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We can determine the number of unique combinations between two different molecules using the

expression,
Ne =ny N, (3-22)

where nwm is the number of monomer molecules and np is the number of living chains present in

the reactor at a given polymerization time.

Monte Carlo reaction rates for unimolecular reactions of molecule A are given by,

RY =k"n, (s%) (3-23)
and the macroscopic rate is,

R=kA (mol/L.5s) (3-24)

To compare these two equations, we must put them into the same unit basis. We can do this by
dividing Equation (3-23) by NaV, where Na = 6.02214x10%2 mol! is Avogadro’s number and V is

the simulation volume,

1
R=k"n,—— (mol/L.s 3-25
VN, ( ) (3-25)
Since,
n
Az 3-26
N (3-26)
then,
R=k"™A (3-27)

Comparing Equations (3-24) and (3—27), we conclude that, for unimolecular reactions,

kM =k (3-28)
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Monte Carlo reaction rates between molecules A and B are expressed as,

MC MC -1
R™ =k™n,n; (s7) (3-29)
and the macroscopic rate by,

R=KkAB (mol/L.s) (3-30)

Altering Equation (3—-29) to express it in units of mol/(L.s), we get,

R=k"n,n, \ﬁ (mol/L.s) (3-31)

A

To compare Equation (3—30) with Equation (3-31), we need to express naand ng as a function of

the concentrations of A and B in the reaction medium,

n, =AW, (3-32)
Ny =BVN, (3-33)
Substituting Equations (3-32) and (3—-33) into Equation (3—31), we obtain,

R=k"ABWN (3-34)
Now we can compare Equations (3-30) and (3-34),

kAB = k" ABVN A (3-35)

to conclude that, for bimolecular reactions between different molecules,

e _ K (3-36)

The size of the simulation volume determines how smooth the results for a given simulation will
be, but otherwise does not affect the simulation. The simulation volume should be large enough to

generate statistically valid results.>3
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Similarly, the macroscopic concentration of catalyst, CSA, ethylene, and hydrogen must be
transformed into the number of molecules of each species in the control volume, as defined by
Equations (3-37) to (3—40). Table 3-5summarizes all expressions needed for the dynamic Monte

Carlo simulation of our system.

ne =CN,V (3-37)
ng, = SN,V (3-38)
n, = MN,V (3-39)
= H,NV (3-40)

Table 3-5. Monte Carlo reaction rate and rate constants equations for chain shuttling
polymerization.

Description Chemical equations Kk RV¢ s kM©, s Equation
Initiation ki MC (3-41)
C+M-oPR k'“n.n,, K
VN,
Propagation k MC 3-42
Pag P+M P, » o k¥non, kK (3-42)
VN ,

-hydride elimination K, MC 3-43
B-hy P>D+C ’ kM, k, G2
Chain transfer to hydrogen P+H,—>D, +C K kMCh n k (3-44)

tH ''p''H, tH
VN ,
Deactivation of growing chain P - D, +C, Kqg kMCh k (3-45)
o _ d ''p d
Deactivation of active catalyst C—o Cd Kqg k (;wc N kd (3-46)
hain shuttli A k -47
Chain shuttling to CS |:>r "‘So _)SPr +C CSAO chsE\onpnso Kesso (3-47)
VN,
Chain shuttling to dormant chain k 3-48
g P+SP—>P+SR  fon kMnn,  Kesa (3-48)
VN,
Thus, the sum of all reaction rates is,

MC MC MC MC MC MC MC MC MC < MC

RI =R™ +R + R + R + Ry +Rie + Rl + R =D R (3-49)

j=1
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The dynamic Monte Carlo algorithm requires the generation of two random numbers, r1 and re,

for each reaction step. The first number, r1, selects the kind of reaction (k) that takes place
according to the inequality,

k

-1 k
R <R <> RYC (3-50)
=1

i =

Figure 3-1depicts a graphical analogy for this inequality.

y MC=yR MG
0 RMC oMoy RMC RMC+ RMC + R MC RMe=ERM

e

rRMC (0 < r; < 1) Reaction 3 is selected

Figure 3-1.Schematic for reaction step selection in dynamic Monte Carlo.

The second random number, r2, determines the time that elapsed between the consecutive
reactions, as shown in the following expression,

S N 3.51
R-P/IC r2 (- )

Figure 3-2shows the dynamic Monte Carlo computation steps.

36



Compute initial number of molecules
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rate constants, Avogardro's number, Compute initial concentrations of concentrations and control volume, cach reaction (k€ kPMC, kM, i ™C,
control volume, polymerization time, catalyst, CSA, ethylene and Hy (nC, nSq, nM, nHj, nP=0, nD=0, > TaPME, kg, iy a6, ke M€Y
final conversion (tnar and Xfnar) nCq=0 and nSP=0) Table (3-5)
Equations (3-37) to (3-40)

Set up initial time and conversion
(t=0,x=0)
Save initial number all
molecules: nC, nSp, nMg=nM,
nHp, nP, nD, nCy and nSP

Savemtermed\aleresu\ls%» ) dt=1/Rg " In(t/rand),

tstfina & Xxg
e + dt, Equation (3-51) final = #=Xfinal

Save results

v
Compute Monte Carlo reaction rate for each
seaction (RME, R MC, Righ, Ry Select number s in the range from
RapMC R 3 MC Res40MC Rs g C) and *’{ OtoRg
their cumulative sum R}, R»,...Rg
Table (3-5) and Equation (3-50)

s=randxRMC
0sssRy Rp<ssRj Rg4<ssRsg Rg<ssRy
Remove 1 living chain and create Remove 1 living chain and create 1 Rzomrfr\::n: 2;:::?] :22':;;;§§ﬁ:1
Add new chain in living polymers: 1 dead chain and update other dead chain and update other parameters accordingly:
nP =nP +1, p(nP) =1 parameters accordingly: para[neiers accordingly: m = rand"nP, r=p(m), p(m)=p(nP),
Update other parameters accordingly: m = rand*nP, r=p(m), p(m)=p(nP), m = rand"nP, r=p(m), p(m)=p(nP), NP = nP-1
nC=nC-1 nP =nP-1,nD = nD +1, d(nD)=r, nP =nP-1,nD = nD +1, d(nD)=r, nSP =nSP +1, sp(nSP) =r,
NG = nG+1 nCq =nCq+1 nSp=nSp- 1, nC = nC+1
Ry <ssRz R3<ssRyg R5<ssRp R7<ssRg
Remove 1 living chain and create 1 Interchange lengthes of 1 living and 1
Increase the length living chain and dead chain and update other Convert molecule of active catalyst to dormant chain and update other
update other parameters accordingly: parameters accordingly: deactivated: parameters accordingly:
m =rand*nP, r = p(m), p(m) =r + 1 m = rand*nP, r=p(m), p(m)=p(nP), nC =nC- 1, nCq =.nCd 1 m = rand*nP, r = p(m),
nP =nP-1, nD = nD +1, d(nD)=r, ' n =rand"nSP, s = sp(n),
nHp=nHy-1, nC = nC+1 p(m)=s,sp(n)=r

Compute monomer conversion,
molecular weight and polydispersity

J

Figure 3-2. Dynamic Monte Carlo algorithm for ethylene chain shuttling polymerization in a
semi-batch reactor.
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We used Matlab to solve the dynamic Monte Carlo model summarized in Figure 3-2. The program
starts at time t =0, monomer conversion X = 0, and nP = nSP = nD = nCq= 0, where nP is the
number of living chains, nSP is the number of dormant chains, nD is the number of dead chains,
and nCq is the number of deactivated chains. Equations (3-37) to (3—40) are used to transform the
concentrations of catalyst, CSA, ethylene, and hydrogen into the number of molecules in the
control volume, and Equations (3-41) to (3—48) are used to transform all the macroscopic reaction
rate constants into dynamic Monte Carlo reaction rate constants. After transforming all the

required data, the simulation follows the steps below:

1. Calculate dynamic Monte Carlo reaction rate, R",RY,..,R“and their sum

8
MC _ MC
Ry _ZRJ .
j=1

2. Generate one random number, ri1, uniformly generated between O to 1, to determine the
kind of reaction (k) that takes place according to Equation (3-50).

3. Generate a second random number, rz, to determine the elapsed time between two
successive reactions according to Equation (3-51).

4. Update the polymerization time with time increment, t =t+ 7, and calculate the monomer
conversion, X.

5. Ifthe conversion is higher than Xfinal OF the polymerization time is higher than tfinal, Stop the

simulation and save the polymer microstructures.
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3.5 Results and Discussion
The objectives of the simulations in this chapter were: 1) to compare dynamic Monte Carlo and
method of moments simulations to ensure both are working correctly, and 2) to investigate the
effect of process conditions and simulation parameters on polyethylene microstructure using both

simulation techniques.

Table 3-6 lists the Kinetic rate constants used in all simulations, and Table 3-7 shows the process

conditions used in the semi-batch reactor.

Table 3-6. Kinetic constants for ethylene chain shuttling polymerization.

Kinetic constants Values Units
Initiation rate constant, k; 10000 L/mol.s
Propagation rate constant, k,, 10000 L/mol.s
B-hydride elimination, K, 25 st
Chain transfer to hydrogen, K 0 L/mol.s
Deactivation rate constant, kq 0 st
Chain shuttling rate constant to CSA, Kcsao 10x k, L/mol.s
Chain shuttling rate constant to dormant chain, Kcsa 10xk, L/mol.s

Table 3-7. Process conditions for ethylene chain shuttling polymerization.

Reactants Values Units
Monomer concentration, [M] 2 mol/L
Catalyst concentration, [Cat] 7.78x107 mol/L
Chain shuttling agent to catalyst concentration, [CSA]/[Cat] 1000

Hydrogen to monomer concentration, [H,]/[M] 0

Polymerization time, t 600 S

3.5.1 Comparison of the Method of Moments and Monte Carlo Simulation
The size of the control volume affects the smoothness of the predicted chain length distributions
(CLD). If V = 1x10%7 L, ethylene conversion, number average molecular weight (Mn),
polydispersity index (PDI) predicted by dynamic Monte Carlo simulation differ from those
calculated with the method of moments due to random fluctuations in the Monte Carlo method,
but if the size of the control volume increases to 1x10-1°L, the two methods agree well, as depicted

in Figure 3-3.
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Figure 3-3. Effect of control volume size on ethylene conversion, My, and PDI predicted by the
method of moments and dynamic Monte Carlo simulation.

3.5.2 Effect of Control Volume Size on CLD Predictions
Figure 3-4 compares the CLD for polyethylene produced at different polymerization times for
several control volume sizes. The CLD predicted with the smallest volume (V =1x10-17L) is noisy,
especially at the beginning of polymerization (when there is little polymer) and is not adequate for
an accurate representation of CLD. The two largest control volume sizes (V = 1x10-16 and 1x101

L) generate smooth CLDs, but at the expense of longer computation times. The computation times
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are 26 minutes for V = 1x10°15 L and 5 minutes for V = 1x10-17 L in a microcomputer with the

following characteristics: CPU: Intel Core i7-2600, 3.4GHz, 8GB RAM memory, Windows 10

operation system, 64-bit, and Matlab R2015b.
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Figure 3-4. Effect of control volume size on the CLD of polyethylene at different polymerization

times.

Figure 3-5compares Flory’s most probable distribution®* with the CLD for polyethylene predicted
with dynamic Monte Carlo simulation at different polymerization times. At short polymerization
times, the CLD follows Flory’s distribution, but after 10 seconds, the CLD becomes narrower than

Flory’s distribution as dormant chains are formed, broadening again and approaching Flory’s
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3.5.3 Effect of Polymerization Condition and Kinetic Constants
In the following simulations, we varied the chain shuttling to propagation rate constant ratios
(kcsao/kp and kesalkp) from O to 50 and set the CSA concentration to catalyst concentration ratio
([CSAY/[Cat]) to 1000, but kept all other variables constant, as shown in Table 3-6 and Table 3-7.

Figure 3-6 shows the effect of the chain shuttling rate on Ms and PDI. When no chain shuttling
takes place (kcsa’kp = 0), Mn increases quickly to its steady state value and PDI reaches the
theoretical value of 2.0 after a few seconds, as expected for regular coordination polymerization.
Chain shuttling changes the polymerization behavior drastically. The value of Mn increases much
more slowly as a function of polymerization time when kcsa/kp > 0 because the formation of
dormant chains delays chain growth. Interestingly, for the same [CSA]/[Cat] ratio, changing the
value of kcsa/kp has a minor effect on My at very short polymerization times, with higher kcsakp
leading to a slower My increase, but at a longer polymerization time all Mn curves converge to the
same value. The value of kcsaregulates the frequency of chain exchange between dormant and
living states while the value of kp (for a given k) controls Mn. Therefore, increasing kcsa/kp at
constant kpincreases the frequency of living/dormant chain exchange, but that their final molecular

weight averages will remain the same.

Polydispersity varies significantly with kcsa/kp ratio. Because of the quasi-living nature of chain
shuttling polymerization, PDI is lower than 2.0 when kcsa/kp >0. The PDI reaches its minimum
value at early stages of polymerization, since termination reactions start playing a more important
role for longer polymerization times. Note that ki is not equal to zero in these simulations;
therefore, dead chains will accumulate in the reactor as the polymerization proceeds, broadening
the CLD of the overall polymer. Husted et al.*2 reported the same phenomenon. Figure 3-7 shows
the effect of kcsa/kp on the CLD of polymer at different polymerization times. At early
polymerization times, a higher kcsa/kp ratio produces a narrower CLD due to the effect of dormant
chains. As the polymerization proceeds, all cases approach the same CLD due to the accumulation

of the dead chains in the reactor.
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Figure 3-6. Effect of kcsa/kp onMn and PDI of polyethylene made in a semi-batch reactor.
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We carried out a complementary investigation on the effect of the propagation rate constant (kp)
to support the explanation proposed above by varying the propagation rate constant from 5000 to
20000 L/(mol.s) while keeping the chain shuttling rate constants (kcsao and kcsa) at 100000
L/(mol.s) and the [CSA]/[Cat] ratio at 1000. As kpincreases, the value of My increases because the
rate of ethylene insertion increases, as does Mn, but PDI remains the same (Figure 3-8). Figure 3-9
shows the effect of kp on the CLD of the polymer at different polymerization times.
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Figure 3-8. Effect of kpon Mn and PDI of polyethylene made in a semi-batch reactor while keeping
Kcsa constant.
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Figure 3-9. Effect of kpon the CLD of polyethylene made in a semi-batch reactor at different
polymerization times while keeping kcsa constant.
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The next simulations investigate why varying kp did not affect PDI in the previous simulations by
varying the propagation rate constant from 5000 to 20000 L/(mols) and changing the kcsa to
ensure that kcsa/kp = 10. Figure 3-10 shows that, as kp increases, My also increases, but the PDI
values do not remain the same. They differ for short polymerization times, reaching minimum
values for the highest kpvalue, which also correspond to the highest kcsa value. Therefore, faster
shuttling rates narrow the CLD of the polymer. Figure 3-11shows the effect of kp on the CLD of
polymer at different polymerization times when kcsa/kp = 10. At early polymerization times, all
cases have similar CLDs; asthe polymerization time increases, the CLDs start differing from each
other, reaching similar CLDs for all cases at the end of polymerization due the accumulation of

the dead chains in the reactor.
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Figure 3-10. Effect of kpon Mn and PDI of polyethylene made in a semi-batch reactor.
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Figure 3-11. Effect of kpon the CLD of polyethylene made in a semi-batch reactor at different

polymerization times with kcsa/kp = 10.
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The B-hydride elimination rate constant (k) and the propagation rate constant (kp) have a major
effect on Mn. The following simulations investigated the effect of ks on My and PDI. We varied
the values of kysfrom 0 to 25 s72, kept kesaolkp = kesa/kp = 10, and [CSA)/[Cat] = 1000. Figure 3-12
shows the effect of k,zon Mn and PDI. The value of Mn decreases sharply as ks increases, and the
dynamic behavior of PDI also depends strongly on the value of k. For higher ksvalues, PDI rises
faster due to the accumulation of dead chains in the reactor. The features of classic living
polymerization (polymer has a PDI close to one, chain length distribution is close to Poisson
distribution, and the average molecular weight increases linearly with polymerization time) are
only approximated when k=0, as shown in Figure 3-12 and Figure 3-13.Figure 3-13 shows the
effect of kipon the CLD at different polymerization times. At short polymerization times, even
without transfer, all the CLDs are similar, but at longer polymerization times, we observed
different CLDs for distinct ks values. In the case of no transfer (k= 0), the CLD approaches
Poisson distribution.
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Figure 3-12. Effect of k,son My and PDI of polyethylene made in a semi-batch reactor.
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Figure 3-13. Effect of ks on the CLD of polyethylene made in a semi-batch reactor at different

polymerization times.
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The following simulations analyze the effect of catalyst deactivation (kq) on the polymer’s average
properties and CLD. Higher deactivation rates will lower the concentrations of the catalyst, living,
dormant, and dead chains in the reactor. The immediate effect is a decrease in M. At short
polymerization times, PDI decreases with the same rate, but as polymerization proceeds, PDI does
not return to a value of 2 because less dead polymer accumulates in the reactor, as depicted in
Figure 3-14. Figure 3-15 shows the effect of the deactivation rate on the CLD of polymers at

different polymerization times. At longer polymerization times, we observed different CLDs for
distinct kg values.
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Figure 3-14. Effect of kq on Mn and PDI of polyethylene made in a semi-batch reactor.
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Figure 3-15. Effect of kg on the CLD of polyethylene made in a semi-batch reactor at different

polymerization times.
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The concentration of CSA also has a marked effect on the time evolution of M, and PDI of
polyethylene made in a semi-batch reactor. In the following simulations, the [CSA]/[Cat] ratio
varied from 500 to 2000, while kcsao/kp =kcsalkp =10. As the [CSA]/[Cat] ratio increases, Mn drops
sharply (see Figure 3-16). In the early stages of polymerization, PDI decreases at about the same
rate in all cases, but as the polymerization proceeds, the PDI tends to the limiting value of 2.0
faster for the low [CSA]/[Cat] ratio. Since chain shuttling competes with chain termination, we
expected PDI to remain smaller for a longer time for the high [CSA]/[Cat] ratio (see Figure 3-16).
Figure 3-17 shows the effect of [CSA]/[Cat] on CLD at different polymerization times. At early
polymerization times, the higher the [CSA]/[Cat] ratio, the narrower the CLD produced. As
polymerization proceeds, all cases approach the same CLD due to the accumulation of dead chains

in the reactor.
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Figure 3-16. Effect of [CSA]/[Cat] on My and PDI of polyethylene made in a semi-batch reactor.
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Figure 3-17. Effect of [CSA]/[Cat] on the CLD of polyethylene made in a semi-batch reactor at
different polymerization times.
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3.6 Conclusion
This study used the method of moments and dynamic Monte Carlo simulation to describe how the
miscrostructure of polyethylene made by chain shuttling polymerization in a semi-batch reactor
varied as a function of polymerization time. While the method of moments predicts average
polymer properties, the dynamic Monte Carlo method predicts the complete CLD. When a large
enough control volume is used, both methods give the same predictions for the chain length
averages. The advantage of the method of moments is that it requires shorter simulation times;

dynamic Monte Carlo simulations, although considerably longer, predict complete CLDs.

The concentration of CSA and the value of kcsa affect CLD and M, but the influence of kcsaon
these properties is limited to only short polymerization times. The influence of CSA concentration

on CLD and M is substantial even at longer polymerization times.

The value of kpdoes not affect the shape of CLD, but it does affect its averages. If no chain transfer
reaction occurs (not a realistic assumption in real chain shuttling polymerizations), My increases
linearly with polymerization time and CLD follows Poisson distribution.

Finally, catalyst deactivation generates less polymer because few catalyst molecules are active in

the reactor. At longer polymerization times, we observed different CLDs for distinct kg values.
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4. Simulation of Ethylene Chain Shuttling Polymerization in a Continuous
Stirred Tank Reactor using the Method of Moments

4.1  Overview

We developed a model to simulate ethylene chain shuttling polymerization with a single catalyst
using the method of moments in a continuous stirred tank reactor (CSTR) operated dynamically
and at a steady state. The model predicts ethylene conversion, average molecular weights, and
polydispersity. We used the model to quantify how polymerization conditions affect ethylene
conversion and polymer properties by examining the effect of reactant flowrates and average
residence time in the CSTR. We also investigated the effect of reactor type on the polyethylene
properties by comparing CSTR and semi-batch reactor simulations described in Chapter 3.

4.2 Model Development for the Method of Moments in a Dynamic CSTR and at
Steady State
The polymerization mechanism used in this chapter was described in Chapter 3. We modified the
equations shown in Chapter 3 for moments and mole balances to include flow rates entering and
leaving the CSTR. Table 4-1 and Table 4-2 show the moments equations in a dynamic CSTR and
at steady state. Table 4-3 and Table 4-4 show the mole balance for catalyst, CSA, ethylene, and
hydrogen in a dynamic CSTR and at steady state. Appendix 4-A presents the derivations of these

equations.

57



Table 4-1. Moment equations for ethylene chain shuttling polymerization in a dynamic CSTR.

Description Moment equations Initial value
0" Moments of gy, 0
living chains W =kMC - (ktﬁ + Ky Hy + Ky +KegpoSo + S)Yo
15t Moments of dy. 0
living chains d_tl =kMC +k MY,
- (ktﬁ + ktH H 2 + kd + kCSAOSO + kCSA(SX0)+ S)Yl + kCSA(le)YO

2 Moments of gy, 0
living chains ot - GMC kM (Yo +2Y,)

- ~ (ktﬁ + Ky Hy +Ky +KegnoSo + kCSA(SxO)+ S)Yz + kCSA(SXZ )Yo
0™ Moments of dx 0
dead chains d_to = (kw +kyH, +ky )Yo —sX,
1t Moments of dX 0
dead chains d_tl = (ktﬂ +ky H, +Ky )Yl —sX,
2" Moment of dXx 0
dead chains d_tz = (ktﬁ +ky H, +Kq )Yz —sX,
0™ Moments of d(sx ) 0
dormant chains g 2 = KesnoSoYo — S(SX,)
1t Moments of d(sX 0
dormant chains (Tl) = (kCSAOSO +kCSA(SX0))Yl - (kCSAYO + S)(SXI)
2 Moments of  d(SX,) B 0

dormant chains dt = (kCSAOSO +kCSA(SXO ))Yz - (kCSAYO + S)(SXZ)
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Table 4-2. Moment equations for ethylene chain shuttling polymerization in a CSTR at steady

state.
Description Moment equations
0t Moments of S [S, "
living chains + :
J N Kesao (ktﬂ+ktH[H2]+kd +5) v _
’ k[CI[M] ® kyy + Ky [H,T+ Ky + 5 Kesao

1t Moments of

(ks + Kga[Ho1+ kg +5)
ICIIMT+k,[MTY,

living chains Y=
K + Koy [H, ]+ 5+ KesnolSol8  Kesa[SXo 15
KesaYo +S  KesaYo +5
I2_mf MOT]e'_‘tS of y K [CIIM]+k,[MI(Y, +2Y,)
iving chains 2 =
Ky + ks [H, ]k, +5+ KessololS | Keau[SXoJs
KesaYo +5  KesaYo +S
0™ Moments of k., +k,[H,]+k
dead chains [Xo]=( e SZ o
15t Moments of k., +k, [H,]+k
dead chains [X.]= iy b Sz o
2" Moment of k., +k, [H,]+k
dead chains [X2]=( L= 52 o)

0™ Moments of
dormant chains

1t Moments of
dormant chains

2" Moments of
dormant chains

Kesao[SolY,
[SX,]= CSAO£ olYo

(sx.] = KeseolSol tea[SXo 1Yy
' KesaYo +S

[SX ] = (kCSAO[SO] +kCSA[Sx0])Y2
i KegaYo +5
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Table 4-3. Mole balance equations for ethylene chain shuttling polymerization in adynamic CSTR.

Description Molar equations Inttial value
Catalyst _ 0
Y t—f:—(kiM +kd+s)C+(kw+ktHH2+kCSADSO)YO+C'”
Chain shuttling agent (CSA) ds . 0
d_to = _(kCSAOYO + S)So +3,
Ethylene , 0
Y ‘j(j—l\t/lz—(kiC+kao+s)M +M"
Hydrogen _ 0
dH, _ —~(KgyYo +S)H, + HY
dt
Deactivated site dc 0
dtd =k, (Y, +C)-sC,
Ethylene consumption dM 0

P

= (k,C +k,Y, M —sM

Table 4-4. Mole balance equations for ethylene chain shuttling polymerization in a CSTR at steady
state.

Description Molar equations
Catalyst 072 1"y [+ KesolSo e

ky +k,[M]+s
Chain shuttling agent (CSA) [S,]"

[So] = :
. . I(CSAOYO +S
Deactivated site c, - K, (Yo + C)
S
Ethylene consumption M (kC+k Y, M
p
s

s: reciprocal of the average residence time in the CSTR.

The differential equations shown in Table 4-1and Table 4-3 were solved in Matlab using the stiff
differential equations solver odel5s. After manipulating the non-linear algebraic equations for
CSTR shown in Table 4-2 and Table 4-4,we get Equations (4-1) and (4—2). The Matlab subroutine
vpasolve was used to solve these two equations to obtain the 0" moment (Yo) of the living polymer
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and the catalyst concentration, [C], inside the CSTR. These results were then used to calculate all
the other moments (living, dormant, and dead), reactant concentrations, monomer conversion,
average molecular weights, and polydispersity.

S [Sg]in in
Kesw (g K [Ha1 K, +5) ki[M]{[cr“ +Yo(kw +hlH,] +'§58+]SB
Y02 + o kCSAO[SO]in Y, - csro o _
KIM] [CI" +Y,| Ky +ktH[H2]+m (kg + K IMT+8)(kyy + ke [H, 1+ Ky + 5 Kesno
(KM, + )y, +ky [H 4k, +5)
(4-1)
in KesaolSol™ 1y, _ 4-2
[C] +{klﬁ+le[H2]+(—kCSAOYO+SJ}YO (k, +k[M]+s)C =0 (4-2)
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4.3 Results and Discussion

4.3.1 Effect of operation conditions
In the following simulations, we studied the effect of changing the operation conditions of a CSTR
during 8 hours (28800 seconds) of operation. Table 4-5 and Table 4-6 show the Kinetic constants
and initial conditions used in the simulations. The average reactor residence time 600 seconds. The
initial conditions for the CSTR appear in Table 4-6. After reaching a steady state, the CSTR

conditions were changed according to the schedule shown in Table 4-7.

Table 4-5. Kinetic constants for ethylene chain shuttling polymerization.

Kinetic constants Values Units
Initiation rate constant, k; 10000 L/mol.s
Propagation rate constant, ki, 10000 L/mol.s
B-hydride elimination, Kk, 0 st
Chain transfer to hydrogen, K 0.1xk, L/mol.s
Deactivation rate constant, kg 0 st
Chain shuttling rate constant to CSA, Kcsao 10xk,, L/mol.s
Chain shuttling rate constant to dormant chain, Kcsa 10xk L/mol.s

Table 4-6. Initial process conditions for ethylene chain shuttling polymerization in a dynamic
CSTR.

Reactants Values Units
Monomer molar flow rate, M" 2/600 mol/L.s
Catalyst molar flow rate, C'"" 7.78x107/600  mol/L.s
Chain shuttling agent molar flow rate, S™ 7.78x10%/600  mol/L.s
Hydrogen molar flow rate, H," 0.005/600 mol/L.s
Average residence time, ¢ 600 S
Polymerization time, t 5xt S

When the CSTR reaches steady state, the ethylene molar flow rate increases from 2/600 to 4/600
mol/L.s; when CSTR reaches another steady state, then the CSA flow rate increases from 7.78x%10"
4/600 to 15.56x10-4/600 mol/L.s; when CSTR reaches yet another steady state, then the hydrogen
flow rate increases from 0.005/600 to 0.01/600 mol/L.s. In the next step, the CSTR operates in
order to go back to the initial conditions established. The hydrogen flow rate decreases from
0.01/600 to 0.005/600 mol/L.s; after CSTR reaches steady state, the CSA flow rate decreases from
15.56x10-4/600 to 7.78x10-4/600 mol/L.s and the ethylene flow rate decreases from 4/600 to 2/600

mol/L.s, as shown in Table 4-7.
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Table 4-7. Process condition changes for ethylene chain shuttling polymerization in a dynamic
CSTR.

Time, h Condition before change (mol/L.s) Condition after change (mol/L.s)
1 M'™ = 2/600 M'™ = 4/600

2 S'" =7.78x10/600 S =15.56x10*/600

3 H," = 0.005/600 H," =0.01/600

4 H," =0.01/600 H," = 0.005/600

5 S = 15.56x10/600 S'" =7.78x10/600

6 M™ = 4/600 M™ = 2/600

Figure 4-1 shows how ethylene, Hz, CSA, and catalyst concentrations vary as a function of time
in @ CSTR. All changes reflect the expected trends shown in Table 4-7. Note that the changes in
catalyst concentration, [C], refer to ethylene-free active sites and do not include active sites
attached to growing polymer chains. The changes in these concentrations will impact polymer

properties, as discussed below.
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Figure 4-1. Ethylene, Hz, CSA, and catalyst profile for ethylene chain shuttling polymerization in
a CSTR as a function of time.
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Figure 4-2 shows how My and My vary for living, dormant, dead, and overall polymer chains.
During reactor start-up, Mn and My increase sharply until they reach maximum values, then
decrease to steady state values, following atrend similar to ethylene concentration in the reactor.
Att=1h, the ethylene concentration doubles, causing Mnand My to increase as the polymerization
rate increases but the transfer and chain shuttling rates remain the same; at t = 2 h, the CSA
concentration increases, reducing Mnand Mw as more dormant chains form; att= 3 h, the hydrogen
concentration increases, reducing Mn and Mw due to increased chain transfer rates; finally,
resetting the process conditions (ethylene, CSA and Hz concentrations) to their original values
causes Mn and My to return to the levels obtained at the beginning of the simulation. Molecular
weight averages for the dead polymer trail behind those for living and dormant chains, as expected.

This is just the consequence of chain shuttling polymerization, where the polymer chains take a

certain time to become dead chains.
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Figure 4-2. Number and weight average molecular weight profiles of different polyethylene chain

populations.
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Figure 4-3 shows how the polydispersity index (PDI) varies as a function of time and changes in
operation conditions. Steady-state values converge to the expected value of 2.0, but deviate for a
short time from 2.0 as different conditions in the CSTR change. Changing the operation conditions

affects the PDI for a short time, but it eventually returns to 2.0, as is mandatory for a CSTR.

—living--dormant- -dead--all

time, h

Figure 4-3. Polydispersity index profile of different polyethylene chain populations.

4.3.2 Comparison of semi-batch reactor and CSTR at a steady state
The following simulations study the effect of reactor type on the polymer properties at the end of
polymerization. Table 4-8 and Table 4-9 show the kinetic rate constants and process conditions.
The molar flow rate of catalyst and CSA to the CSTR was adjusted so that the concentration of
catalyst and CSA in the CSTR was the same to the equivalent concentrations in the semi-batch
reactor. Ethylene concentration was also kept the same in both reactors. For the comparisons
discussed in this chapter, the polymerization time in the semi-batch reactor is equal to the average

residence time in the CSTR.
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Table 4-8. Kinetic constants for ethylene chain shuttling polymerization used for comparison of
semi-batch reactor and CSTR.

Kinetic constants Values Units
Initiation rate constant, k; 10000 L/mol.s
Propagation rate constant, k,, 10000 L/mol.s
p-hydride elimination, Kk, 25 st
Chain transfer to hydrogen, K 0 L/mol.s
Deactivation, kg 0 st
Chain shuttling rate constant to CSA, Kcsao 10x k, L/mol.s
Chain shuttling rate constant to dormant chain, Kcsa 10xk,, L/mol.s

Table 4-9. Process conditions for ethylene chain shuttling polymerization used for comparison of
semi-batch reactor and CSTR.

Reactants Values Units
Monomer concentration, [M] 2 mol/L
Catalyst concentration, [Cat] 7.78x107 mol/L
Chain shuttling agent to catalyst concentration, [CSA]/[Cat] 1000

Hydrogen to monomer concentration, [H,]/[M] 0

Average residence time, ¢ varied
Polymerization time in semi-batch, t T S

Figure 4-4 shows that ethylene conversion in the semi-batch reactor and CSTR at different times
and at different [CSA]/[Cat] ratios is the same. We expected this outcome as monomer conversion

depends on catalyst concentration and polymerization time, which is the same for both modes of

operatlon.
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Figure 4-4. Effect of [CSA]/[Cat] on ethylene conversion in a semi-batch reactor and CSTR. All
other variables are constant (Table 4-8 and Table 4-9).
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Figure 4-5 compares Mn for polymer made in a semi-batch reactor and a CSTR at different times
and [CSAJ/[Cat] ratios. Mn increases with time until reaching a plateau, because longer
polymerization times allow for chains to grow longer. A plateau is reached because, after a certain
time, chain transfer reactions start controlling the limiting value of Mnthat can reach in this system.
In addition, the CSTR produces polymers with slightly higher Mn because dormant chains are
always present in a CSTR operated at a steady state, while they take a certain time to form in a
semi-batch reactor. As the [CSA]/[Cat] ratio increases, Mn decreases in both reactors because the
CSA works as a reversible chain transfer agent.
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Figure 4-5. Effect of [CSA]/[Cat] on M, for ethylene polymerization in a semi-batch reactor and
CSTR. All other variables are constant (Table 4-8 and Table 4-9).

Figure 4-6 compares the PDI for polymers made under these two modes of operation. For the semi-
batch reactor, the PDI decreases as polymerization time increases until achieving a minimum
value; it then increases due to the accumulation of dead polymer chains. For the CSTR, the PDI is
equal to 2 at any time due to the effect of the exponential residence time distribution in the CSTR.
The [CSA])/[Cat] ratio does not affect the PDI of polymers made in the CSTR, but in a semi-batch

reactor the PDI is smaller for high [CSA]/[Cat] ratios because of the competition between chain
shuttling and chain termination.
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Figure 4-6. Effect of [CSA]/[Cat] on PDI for ethylene polymerization in a semi-batch reactor and
CSTR. All other variables are constant (Table 4-8 and Table 4-9).

Figure 4-7 compares the Mn of polymers made in a semi-batch reactor and CSTR at different times
and kcsa/kp ratios. For the same [CSA]/[Cat] ratio, changing the value of kcsa/kp hasa minor effect
on Mn at very short polymerization times. Higher kcsa/kp produces polymers for which the M
increases more slowly, but at longer polymerization times all Mn curves converge to the same
value. The value of kcsaregulates the frequency of the chain exchange between dormant and living
states whereas the value of kp (for a given k) controls Mn. Therefore, increasing kcsa/kp atconstant
kp results in a more frequent exchange of chains between living and dormant states, but their final
molecular weight averages will remain the same. The Mn for polymers made in CSTR is higher

than in a semi-batch reactor in both cases, especially with small average residence time.
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Figure 4-7.Effect of kcsa/kp onM for ethylene polymerization in a semi-batch reactor and CSTR.
All other variables are constant (Table 4-8 and Table 4-9).
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The PDI of polymers made in a semi-batch reactor varies significantly with the value of the kcsakp
ratio (Figure 4-8). For the semi-batch reactor, because of the quasi-living nature of chain shuttling
polymerization, PDI is lower than 2.0 when kcsa/kp > 0. The PDI reaches its minimum value at
early stages of polymerization, since chain transfer reactions start playing a more important role
for longer polymerization times. Note that ks is not equal to zero in these simulations; therefore,
dead chains will accumulate in the reactor as the polymerization proceeds, broadening the CLD of
the polymer. For CSTR, the PDI is 2 in both cases due the effect of residence time distribution.
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Figure 4-8. Effect of kcsa/kponPDI for ethylene polymerization in a semi-batch reactor and CSTR.
All other variables are constant (Table 4-8 and Table 4-9).

Figure 4-9 shows how M varies at different times with different kp values while keeping the chain
shuttling rate constants (kcsao and kcsa) at 100000 L/(mol.s) and the [CSA)/[C] ratio at 1000. As
kp increases, the value of Mn increases, because ethylene insertion between catalyst and living chain
increases, but PDI remains the same for all corresponding kp values (Figure 4-10). The My, for
polymer made in CSTR is higher than in the semi-batch reactor in both cases, especially with small
average residence time, while the PDI is 2 for both cases due the effect of residence time

distribution.
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Figure 4-9. Effect of kponMn for ethylene polymerization in a semi-batch reactor and CSTR while
keeping kcsa constant at 100000. All other variables are constant (Table 4-8 and Table 4-9).
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Figure 4-10. Effect of kp on PDI for ethylene polymerization in a semi-batch and CSTR reactor
while keeping kcsa constant at 100000. All other variables are constant (Table 4-8 and Table 4-9).

As expected, the constants for B-hydride elimination (k) and propagation (kp) have a major effect
on Mn. Figure 4-11 and Figure 4-12 show the effect of ks on Mn and PDI. For both reactors, the
value of M, decreases sharply as kizincreases, and for the semi-batch reactor the dynamic behavior
of PDI also depends strongly on the value of k. For higher ki values, PDI rises faster due to the
accumulation of dead chains in the reactor. The features of classic living polymerization (polymer
has a PDI close to one, chain length distribution is close to Poisson distribution, and the average
molecular weight increases linearly with polymerization time) when k= 0. The My for polymer
made in CSTR is higher than in the semi-batch reactor in all cases while the PDI is 2 for all cases

due the effect of residence time distribution.

70



- kI 3= 0, Semi-Baich -o-k =5, CSTR
kl‘i =0,CSTR -k = 25, Semi-Batch
l+-k,, = 5, Semi-Batch -k, = 25, CSTR
4
300 i |
>
g e
200
£ 5
N -
[ =
= =
100 2
T el —_
T et
¥ A
0 —— — - ! ? .
0 100 200 300 400 500 600
time. s

Figure 4-11. Effect of kson My, for ethylene polymerization in a semi-batch reactor and CSTR. All
other variables are constant (Table 4-8 and Table 4-9).
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Figure 4-12. Effect of k,zon PDI for ethylene polymerization in a semi-batch reactor CSTR. All
other variables are constant (Table 4-8 and Table 4-9).
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4.4  Conclusion
Polyolefins are made commercially in CSTRs operated mostly under steady-state conditions,
except during start up, shut down, or grade transitions. In this chapter, we compared dynamic and
steady state solutions for the chain shuttling polymerization of ethylene in a CSTR. The dynamic
solution converges to the steady-state solution, proving that our models and simulation programs

are correct.

We also compared the properties of polyethylene made by chain shuttling polymerization in semi-
batch reactors and CSTRs operated under steady state conditions. This comparison is important
because we usually develop new resins in laboratory-scale semi-batch reactors before scaling up
to CSTRs in pilot plants or industrial reactors. The properties of polymers made in semi-batch
reactors will differ from those made in CSTRs; even if we operate both in the same conditions and

for the same (average) polymerization time, it is very important in scaling up investigations.

Polymers made in CSTRs have higher Mn than those made in semi-batch reactors because dormant
chains are always present in steady state CSTRs, while they take a certain time to form in semi-
batch reactors. For CSTRs at a steady state, the molecular weight averages of living, dead, and
dormant chains were all the same. In addition, the PDI of polymers made in CSTRs is always 2.0,
even under perfect living polymerization conditions because of their broad residence time

distribution.
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5. Simulation of Chain Shuttling Copolymerization in a Semi-Batch
Reactor using the Method of Moments and a Dynamic Monte Carlo
Model

51  Overview

This chapter describes the method of moments and a dynamic Monte Carlo model that can predict
the microstructure of ethylene/1-octene copolymers made with chain shuttling copolymerization
using two single-site catalysts in a semi-batch reactor. One catalyst incorporates 1-octene well and
produces chains with high comonomer content; the other catalyst is not an effective 1-octene
incorporator and makes chains with low comonomer fraction. The chain shuttling agent acts as a
reversible chain transfer agent, shuttling chains between the two catalyst types to produce linear
olefin block copolymers (OBCs).

The population balance and dynamic Monte Carlo models predict the number and weight average
chain lengths of polymer populations containing different numbers of blocks as a function of
polymerization time. They also predict the weight and number fractions of the polymer
populations. The dynamic Monte Carlo model predicts the complete distributions of chain length
(CLD) and chemical composition (CCD) for the whole polymer and for chains with different

numbers of blocks and their comonomer compositions.

5.2  Chain Shuttling Copolymerization Mechanism

The mechanism used for chain shuttling copolymerization consists of six steps, similar to the
mechanism for ethylene homopolymerization presented in Chapter 3, but includes separate
reactions for each comonomer type. For simplicity, the Bernoullian model for copolymerization
was assumed, that is, the rates of reaction depend only on the type of comonomer reacting, not on
the type of commoner last added to the polymer chain. The polymerization mechanism in Table
5-1is the same as the standard one for olefin copolymerization with coordination catalysts based
on Bernoullian statistics, except for the steps involving reactions with CSA. During chain shuttling
to virgin CSA, a growing polymer chain transfers to a CSA molecule, forming a dormant polymer
chain and releasing an active center capable of forming a new polymer chain, as shown in
Equations (5-17) and (5-18).18
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Table 5-1. Mechanism of chain shuttling copolymerization using two catalysts.

Description Chemical equations Rate constants ~ Equation
Initiation C,+A->R, Kia1 (5-1)
C,+B—>PR, Kis1 (5-2)
C,+A->Q, kine (5-3)
C,+B—>Q, Kis2 (5-4)
Propagation P.+A>P., Kpa1 (5-5)
Pi+B-o>FR.; Kps1 (5-6)
QitA->Q .y Kpa2 (5-7)
Q. +B—>Q.; kps2 (5-8)
B-hydride elimination P.-D, +C K (5-9)
Q. » D, +C, Kip2 (5-10)
Chain transfer to hydrogen P;+H,->D, +C, KitH1 (5-11)
Q,;+H,—>D,;+C, KtH2 (5-12)
Deactivation of growing chain P,—>D,, +Cy Kd1 (5-13)
Q. =D, +Cy, Kd2 (5-14)
Deactivation of active catalyst C,—»C, Kd1 (5-15)
C,—C,, Kd2 (5-16)
Chain shuttling to CSA P,+S,>SP,+C, Kcsao1 (5-17)
Qr'i +S, > SQr’i +C, Kcsao2 (5-18)
Chain shuttling to dormant chain P, .|.5|Ds’j N Ps]j +S|Dr'i Kcsatself (5-19)
Pi+3Q,; P .+SR; Kesatcross (5-20)
Qr’i + SPSJ N Qs’j+1 + SQr’i Kcsaz2cross (5-21)
Q;+5Q; >Q;+5Q, Kcsazself (5-22)

Subscripts r and s indicate the chain length. Subscripts i and j indicate the number of blocks. Subscripts 1
and 2 indicate the catalyst type P and Q. Thus, C, and C,, respectively: active site from catalyst P and Q, A
and B: ethylene and 1-octene, Sy: chain shuttling agent, H,: hydrogen, P;;and Qy;: living polymer chain of
length 1 and number of block 1 made in catalysttype P and Q, P,;and Q,;: living polymer chain of length
r and number of block i made in catalyst type P and Q, D,,: dead polymer chain of length r and number of
block i made in catalyst type P and Q, SP,;and SQ,;: dormant polymer chain of length r and number of
blocks i made in catalyst type P and Q, k;: initiation rate constant, k,: propagation rate constant, K, f-
hydride elimination rate constant, k.: chain transfer to hydrogen rate constant, Kcsao: chain-shuttling rate

constant to CSA, and kcsa: chain-shuttling rate constant to dormant chain.
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When the CSA reacts with the growing polymer chain, the latter becomes dormant. The dormant
chain made by catalyst P attached to a CSA molecule, represented by SPsj, has two possibilities:
1) self-shuttling: CSA shuttles the dormant chain to catalyst P, represented by Ps;, followed by a
propagation step producing no new block (i.e., it will keep extending the length of the soft block,
as shown in Equation (5-19)); and 2) cross-shuttling process: CSA shuttles the dormant chain to
catalyst Q, followed by a propagation step, starting a new hard polymer block attached to the soft
block made in catalyst P, as described in Equation (5-21). This process repeats several times until
chain transfer eventually takes place or the polymerization stops. A similar process occurs for

dormant chains made by catalyst Q, represented by SQs;. Figure 5-1illustrates this process.

chain transfer

chain transfer
chain propagation chain propagation
2 | o ~~~

chain shuttling

e ¢ @ ~ —

Cat, Cat, CSA soft block (SB) hard block (HB)
(makes SB) (makes HB)

ocham propagation chain shuttling chain propagation g

Figure 5-1. Mechanism of chain shuttling copolymerization using two catalysts.
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5.3

The Method of Moments

Polymer populations were classified as living, dormant, and dead chains; polymer blocks were
classified as soft (S), made by catalyst P, or hard (H), made by catalyst Q. Olefin block copolymers
(OBCs) have alternating blocks, as depicted in Figure 5-2.

L
(1S)==single soft block

(18,1H)==di- block
type of (iS,iH) where i>=1

(1H)==single hard block

et i
(2S,1H)==tri- block (15,2H)==tri- block
type of ((i+1)S,iH) where i>=1 type of (iS,(i+1)H) where i>=1
L S e
i e i .
L S T T P
P N T

>=(25,2H)==multi-block

Figure 5-2. Types of olefin block copolymer chains.

The following expression gives the k™ moment for living, dormant, and dead chains of a generic
distribution f(r,i):>°

Hei =

S E(ri) (5-23)

We adopted the following nomenclature for the moments:

1.

Ykp and Yko are the k™ moments of the living chains growing in catalyst P and Q,
respectively.

SXk,p and SXk,q are the k™ moments of dormant chains for which catalyst P and Q made the
last block, respectively.

Xk.pand Xkqare the k"moments of dead chains for which catalyst P and Q made the last
block, respectively.

Ykp,iand Yiq,are the k" moments of living chains growing in catalyst P and Q having i
blocks, respectively.
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5. SXkp,iand SXko,iare the k" moments of dormant chains having i blocks for which catalyst
P and Q made the last block, respectively.
6. Xkp,iand Xkq,iare the k" moments of dead chains having i blocks for which catalyst P and

Q made the last block, respectively.

These moments are defined using the following equations,

Yep = ggrkvkypyi (5-24)
Yio = 22 MYy o (5-25)
SX, p :22 r*SX, s (5-26)
SXy o = ggrkska (5-27)
X p =Z::Z:: X pi (5-28)
Xio = 22 r*Xio. (5-29)
Yep: = 2 r“pP, =P, + 2 r'p, (5-30)
Yios = 2%% -Q, +gerr,i 5-31)
SXypi =Zi:rks|3r,i = Sﬂll+gr"SPﬁi (5-32)
SXy0i = Z::rkSQm =S5Q, +gr"SQrJ (5-33)
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Xipi = z rt D, =D, + z rt D, (5-34)

Xiqi = z r‘D,; =D, + Zrk D, ; (5-35)

Table 5-2 through Table 5-7 summarize the moment equations for living, dormant, and dead
polymer populations, and Table 5-8 shows the molar balances for all reactants. The differential
equations shown in Table 5-2 through Table 5-8 were solved in Matlab using the stiff differential

equations solver odel15s.°1 Appendix 5-A shows the derivations of these equations in detail.

Table 5-9 shows the expressions for number and weight average chain lengths of polymer
populations having different numbers of blocks. Table 5-10 shows their molar and weight fractions.
Table 5-11shows the equations for mole fraction for ethylene and 1-octene of polymer populations
having different numbers of blocks. Table 5-12 shows the average number and weight of blocks

per chain, comonomer composition for whole polymer, and overall conversion.
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Table 5-2. Moment equations for chains made in catalyst P in a semi-batch reactor for the whole

polymer.

Description Moment equations Initial value
0™ Moment of ay 0
living chains dip = (kiAlAJr kiB1Bx:1 - (kt/ﬂ + Ky Hy +Kgy + kCSAOlSO)YO.P
1 Moment of dv. 0
living chains dlt'P = (kiA1A+ kislB)Cl + (kpA1A+ KB Nop

_( o T KtH o 4 Kag 4 KegannSo + kcsm(sxo,P )+ kcsm(sxo‘q ))Yl,P + ((SX1,p )+ (SXLQ ))kcsmYop
2" Momentof gy, 0
Iiving chains dzt,p = (kiA1A+ k.mB)Q + (kpA1A+ kpBlB YO,P + 2Y1,P)

- (kun +KennHy + Ko + KesaonSo + kCSAl(SXO,P )+ kcsm(sxo‘o )){2,9 + ((SXZ,P )+ (SXZ,Q ))kCSAlYD.P
0™ Moment of dXx 0
dead chains d:VP = (kt/fl + Ky H, + Ky Yo
1% Moment of dx 0
dead chains dip = (klﬁl + Ky Hp + kg 1P
2" Momentof  dX,, 0
dead chains at (kwl +KpHo +Kat Mo p
0™ Moment of d(sx ) 0
dormant chains dto = (kCSAols + kCSAl(SXO,P )+ kCSAl( Xog ))YO‘P - (kCSAlYO,P +Kesaa Yoo XSXO‘P)
1* Moment of d(sX,,) 0
dormant chains dtl‘P = (kCSAolSO + kCSAl(SXO,P )+ kCSAl(SXO.Q ))Yl‘P - (kCSAlYO,P +KesazYoq XSXI,P)
2" Momentof  d(SX
dormant chains ( dtz,P) = (kCSA01SU + kCSAl(SXO,P )+ kcsAl(SXO‘Q ))YZ,P - (kCSAlYO,P + kCSAZYO,Q XSXZ,P) 0

Table 5-3. Moment equations for chains made in catalyst Q in a semi-batch reactor for the whole

polymer.

Description Moment equations Initial value
q

0" Moment of dy, 0
living chains % = (kiA2A+ kiBZBX:Z - (kl/fz + KinoaHo + Kyp + KosaoaSo Moo
1" Moment of dY,, 0
livingchains di =(kiAzA+kiBzB)Cz +(kpA2A+kpBZB 0Q

- (kiﬂz + K2 Ho + Ky + KespoaSo + Kesa (SXO,P )+ Kesaz (SXO.Q )){1,0 + ((le,P )+ (le,Q ))<CSA2YO,Q
2" Moment of dv, 0
livingchains T = (kiA2A+ kiBzB)Cz + (kpA2A+ kpBZBXYO,Q + ZYLQ)

- (ktﬂz +KiaHy + Ky +KesagoSo + Kesao (SXO,P )+ Kesaz (SXO,Q) ){Z,Q + ((SXZ,P )7L (SXZ,Q ))<CSA2Y0,Q
0" Momentof  dX,q 0
dead chains dt = (sz +KyioaHy + Ky Moo
1% Moment of dX, 0
dead chains G (kpz + KiaaHa + koo Mg
2" Momentof  dX 0
dead chains d:Q = (ki + kuzHo + Ky Mo
0" Momentof  d(SX,,) 0
dormant chains dtOVQ = (kCSAOZSO + kCSAZ (SX 0P )Jr kCSAZ (SXO,Q ))YO,Q - (kCSAlYO,P + kCSAzYo,Q XSX 0,Q )
1* Moment of d(sX,,) 0
dormant chains Tlo = (kCSAOZSO +Kesaz (SXO,P )"’ Kesaz (SXO,Q ))Yl.Q - (kCSAlYO,P +Kesa2Yo.0 XSXLQ)
2" Momentof  d(SX,,)
dormant chains dtZVQ = (kCSAOZSO +Kesnz (SXO,P )+ Kesaz (SXO,Q ))YZ‘Q - (kCSA1Y0,P +KesazYoo XSXZ,Q) 0
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Table 5-4. Moment equations for chains with a single block made in catalyst P in a semi-batch
reactor.

Description Moment equations Initial value

0™ Moment of dy, . 0
living chains T = (kimA + kimB)Cl (kt/jl +kyaHy Ky +Kegur Sy + kCSAl(SXO,P )+ kcsm(sxo,o )}(O‘P,i + (SXO,P,i )kCSAlYO,P

st

ﬁv.“n"ﬁéﬂi."é?f d\g't'” = (ki A+ K5 B)C, + (K A+ Koy B Vo oy °
. (ktm + KeaaHo + Kgg + KesaorSo + kcsm(sxo,P )"‘ kcsm(sxo,Q )){1,P,i + (le,P‘i )kcsmYo,p

ﬁvir’:g%rl:r\];rr:tsﬁ deZ:'i = (ku mA+K EuB)Cl + (kpA1A+ kpBlBXYO,P,i + 2Y1,p,i) ’
. (ktﬁl + KeisHo +Kag + KespoiSo + kCSAl(SXO‘P )"' kCSAl(SXO‘Q )){Z‘P,i + (SXZ.P,i )(CSAlYD‘P

gealgj/lgl:g?:; of % = (kt/fl + ktHlHZ + kdl 0,P,i 0
st

gj-ea':jll(?l‘?;?r?; o d)i;ipj = (klﬁl + ktHlHZ + kdl 1P, °
nd

39331?1251? °f dXdZt,P‘i = (kl/fl + lelHZ + kdl 2,P,i 0
1l

gormgmiﬁa?rfls % = (kCSAOISO + kCSAl(SXO.P )+ kcsm(sxo,o ))YO,PJ - (kCSAlYO,P + kCSAzYo,Q XSXO,P,i) 0
st

éormgg]te:hta?;s % = (kCSAO:LSO + kCSAl(SXO,P )+ kCSAl(SXO,Q ))Yi.P.i - (kCSAlYD.P + kCSAZYO‘Q XSXI,P,i) °
nd

sorr?]ﬂ:nr?iﬁta?rrs d(szj(itzpl) = (kCSAmSO + kCSAl(SXO,P )+ kcsm(sxo,q ))Yz,m - (kcsmYo‘p + kCSAZYO,Q XSXZ,PJ) °

Table 5-5. Moment equations for chains with a single block made in catalyst Q in a semi-batch
reactor.

Description ~ Moment equations Initial value
0" Momentof gy 0
living chains ;tQ (kiA2A+ kiBzB)Cz - (klpz +KiaHy + Ky +KesagoSo +Kesn (SXO,P)+ kCSAZ(SXO‘Q )){O,Q,i + (SXO,QJ csneYo

1*Moment of ay 0
living chains %_(kquA"‘kuBzBp ( pA2A+kpBZ 0.Q.i

- (kt/jz + Ko Ho + Ky +KesaaSo + Kesaa (SXO.P )+ Kesaz (SX 0,Q ))Yl,Q,i + (SXLQJ )kCSAzYo,Q
2" Momentof  dY, 0
living chains étQ *(klAzAJrk-BzB)Cz (kpA2A+kszB)(YO‘Q, +2Ym|)

- (ktﬂz + leZH + k + kCSAOZSO + kCSA2 (SXO‘P )+ kCSAZ (SXO,Q) yZ.Q.i + (SXZ,Q.i )(CSAZYO,Q

0" Moment of dXg o) 0
dead chains at (klﬂ2 +KinzHz +Kaz Moo

1* Moment of dX, o, 0
dead chains T = (kt/fz + le2 H,+ kdz 1,Q.i

2" Momentof  dX,; 0
dead chains dth (ktﬂZ +KiioHo + Ko Mo

0" Momentof  d(SX,,,) 0
dormant chains dtl)'Q' = (kCSAOZSO + kCSAZ(SXO‘P )+ Kesae (SXO‘Q )){O.Q‘i - (kCSAlYO,P +KesaaYo.0 XSXO‘Q,i)

1* Moment of d(SX,,,) 0
dormant chains Tw = (kCSAOZSO +Kesa (Sxo +Kesnz (Sxo Q ))qu i (kcsmYo p +Kesn2Yoo szm i )

2" Momentof  d(SX,,,) 0
dormant chains dtZVQ' = (kCSAOZSO +Kesnz (SXO p )+ Kesao (SXOQ))fz Qi (kCSAlYO,P +KesnoYoo XSXZ,Q,i )
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Table 5-6. Moment equations for OBC chains made in catalyst P in a semi-batch reactor for chains
having two or more blocks.

Description Moment equations Initial value
0™ Moment of dy. 0
i ; 0PI _
livingchains dt (ktﬂl K Ho + Ky + KegparSo "’kcsm(sxop)*' kcsm(sxo,q )){op,i +((SXO,P,i)"’(SXO,Q,i-l))kcho,P
1" Moment of ay, ..
living chains dl‘tp" = (kpu A+ KBy,
(kt/ﬂ"'ktHlH + Ky +KesaoSo + kcsm(sxop)"' kCSAl(SXO,Q))Yl,Pl ((SXlPl) (SXLQ‘i—l))Q)SAlYD.P
2" Momentof  dy.

living chains

0™ Moment of
dead chains

1*Moment of
dead chains
2" Moment of
dead chains

0™ Moment of
dormant chains
1 Moment of
dormant chains

2" Moment of
dormant chains

dztpl (kpA1A+kpBlBXYO‘P| +2Y1P|)

(kl/il + Ky Hy + Ky +KegponSo + kcsm(sxop )+ kCSAl(SXO‘Q ))‘(Z‘P i ((sz P n) (SXZ,Q‘ifl))(CSAlYO‘P

dX
dot,P,n = (kI/il + lelHZ + kdl 0P

dXZPl

(kl/fl + ktHlH + kdl 2,Pi

2t K Nop

dX
—28l ( lﬂ1+ktH1H
)

( 0,P,i

dt (kCSAOISO + kCSAl(SXO‘P )+ kCSAl(SXO,Q ))YO,P‘i - (kCSAlYO,P + kCSAZYO,Q XSXO,P,I)

T (kCSAO:LSO + kCSAl(SXO,P )+ kCSAl(SXO,Q ))Yi.P.i - (kCSAlYD.P + kCSAZYO‘Q XSXI,P,i)

T = (kCSA(JlSO + kCSAl(SXO,P )+ kcsm(sxo,q ))YZ,PJ - (kCSAlYO,P + kCSAZYO‘Q XSXZ,P,i )

Table 5-7.Moment equations for OBC chains made in catalyst Q in a semi-batch reactor for chains

having two or more blocks.

Description Moment equations
0" Moment of dy
ivi i 0Qi _
livingchains it (kl/iz Ko Hy Ky + Koo + kCSAZ(SXO‘P)-I_ kCSA2(SX0‘Q )))/O,Q‘i +((S Xopi 1) (SXOQ,i ))(CSAZYO‘Q
1% Moment of dy,,;
living chains éf = (kpA2A+ kpBZB 0,Q.i
- (ktﬁz + Ko Hp + Kyp + KesnnsSo + Kesaa (SXO,P)+ Kesaz (SXO,Q)){LQJ + ((SXLP‘i—l)_F (le,Q,i ))kCSAZ !
2" Momentof  dY,
living chains dth (kpA2A+kpBZBXY0,Q| +2Y1Q|)

0™ Moment of
dead chains

1 Moment of
dead chains
2" Moment of
dead chains

0" Moment of
dormant chains
1 Moment of
dormant chains

2" Moment of
dormant chains

- (kt/jz +Ki2Hz +Kaz + KosanzSo + Kesae (SXO‘P )+ Kesne (SXO.Q ) ){Z,Q,i + ((SXZ,P.i—1)+ (SXZ‘QJ ))kCSAZ 0Q

dXy 0,
th,Q, = (klﬂZ + ktHZHZ + kd2 0,Q.i

dX, o,
dth = (sz + Ky H, + de)Yl.Q,i
dX,q;

dt =(kw‘2+ktH2H2+kd2 2,Q.i

d(SX,)

dt —= (kCSAOZSO + kCSAZ(SXO‘P )+ kCSAZ (SXU‘Q )){O,Q‘i - (kCSAlYO,P + kCSAZYU‘Q XSXO‘QJ)

% = (kCSAOZSO +Kesa (Sxo +Kesnz (Sxo Q ))qu i (kcsmYo p +Kesn2Yoo szm i )
d(SX,0,)

dt = (kCSAOZSO +Kesnz (Sxo p )+ Kesnz (SXOQ))Yz Qi (kCSAlYO,P + kCSAzYo,Q XSXZ,Q,i )
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Table 5-8. Molar balance equations in a semi-batch reactor.

Description Molar equations Initial value
Catalyst P dc
y ditl = 7(kiA1A+ k; BlB)Cl + (kt/n + K Hy +Kyp +KegaorSo Mo p Ce
Catalyst dc
y Q dt2 = _(ki A2A+ kiBzB)Cz + (sz + ktH2H2 + kd2 + kCSAOZSO 0,Q CQ
Chain shuttling agent (CSA ds CSA
g g ( ) dto = _(kCSAolYO,P + kCSAOZYO.Q )SO
1-Octene dB
E = _(ki 81C1 + ki52C2 + kpBlYo,P + kpBZYo,Q )B B
Hydrogen dH H
ydrog th = _(ktHlYO‘P + leBzYO.Q )H 2 2
Deactivated site of catalyst P dcC 0
y ?dl: kdl(YO,P +C1)
Deactivated site of catalyst Q dc 0
d2 __
at kdz(Yo,Q + Cz)
Ethylene consumption by catalysts dAp 0
Pand Q at (ki wC1 +KinoCo +KpaYor +KpnsYoo )A
1-Octene consumption by catalysts dBID 0
Pand Q dt = (ki Blcl + kiszcz + kpBlYo,P + kpBZYO,Q )B
Ethylene consumption by catalyst P dAp 0
— o = (K, Ci + K pa Yo JA
Ethylene consumption by catalyst Q dA 0
P2 —
dt - (kiAZCZ + kpAzYo,Q )A
1-Octene consumption by catalystP  dB
Tm - (kiBlcl + KogiYop )B 0
1-octene consumption by catalystQ  dB
Tp’z = (kiBZCZ +Kps2Yoo )B 0
Table 5-9. Average chain lengths.
Description Number average chain length, r, Weight average chain length, r,, PDI
Overaﬁ Yip+ Xy p+SXp+Y, 0+ X, o +5X Yop+ Xop +SX,p +Y,0 + X, 0 +5X,4 rv‘vjvera“
polymer Yop + Xop +SXop + Yoo + X0 +SXog Yip + Xip+SX;p + Yo+ Xy o +5X o poverall
Block starts Y, ,; + X, p; +SX,p; Yopi+ Xopi +SX,p, (DS iH)
with S Yori+ Xopi +SXop, Yipi + Xipi +SXip; r (DS
Block starts Yl,Q,i + leQyi + le,Q,i Y2,Q,i + X2,Q,i + sz,Q.i rv\(IiS,(i+1)H)
with H Yooi + Xooi +SXo0i Yioi + Xi0i +SXi0; r (iS.(+DH)
Even block Yipi + Xipi +SXpi +Yi0i + Xioi +SXp0;  Yapi+ Xopi +SXpp; +Ya0; + Xogi +SX,0; (s
YO,P,i + XO,P,i +SX0,P,i +Y0,Q,i + XO,Q,i + SXO,Q,i Yl,P,i + Xl,P,i +SX1‘P,i +Y1,Q,i + Xl,Q,i +Sx1‘Q‘i rn(is'iH)
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Table 5-10. Molar and weight fractions of polymer populations having different numbers of blocks.

Description

Number fraction

Weight fraction

Block starts
with S

Block starts
with H

Even block

Yorpi + Xopi +SXop;

Yipi+ Xipi +SX 5,

Yop + Xgp +SXgp +Yoo + Xoo + SXO‘Q

Yo0i + Xooi + SXOQ,i

Yip+ X p+SXp +Y o+ Xio + SXLQ

YLQ,i + leo‘i + SXLQ,i

Yop + Xop +SXgp + Y0+ Xoo +SX40

YO,P,i + ><O,P,i +SXO,P,i +YO,Q,i + XO,Q,i + S><O,Q,i

Yip +Xyp +SX;p +Y1'Q + XLQ + SXLQ

Y1,P,i + Xl,P,i + S)(l,P,i +Y1,Q,i + Xl,Q,i + S><l,Q,i

Yop + Xop +SXgp +YO,Q + Xo,Q + SXo,Q

Yip + Xip +SXp + Yo + X6 +SX o

Table 5-11. Ethylene and 1-octene mole fraction of polymer populations having different numbers of

blocks.

Description  Catalyst P Catalyst Q
Ethylene A, A,
composition m m
1-Octene Bp . B,
composition m m

Table 5-12. Average number and weight of blocks per chain, 1-octene mole fraction of whole polymer and
overall conversion.

Description

Equation

Average number of
blocks per chain

Average weight of
blocks per chain

n
Z Mop.i +Yo,Q,i) xi

i=1

; (YO,F',i +Y0,Q,i )

Z (YO,P.i +Y0,Q,i ) > i2
i1

Z Mop,i JrYo.Q,i) i
i1

1-Octene composition B.

in whole polymer

Overall conversion

As + Bp

Ap+Bp
A+B+Ap+Bp

i=1, 2 3,...n,n:the number of blocks
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5.4  Dynamic Monte Carlo Model
Similar to the procedure introduced in Chapter 3, the macroscopic concentrations of catalysts,
CSA, monomers, and hydrogen must be transformed into the number of molecules of each species
in the control volume, as defined by Equations (5-36) to (5-41).

N, =C,N,V (5-36)
Ne, =C,N,V (5-37)
N, =S,N,V (5-38)
n,=AN\V (5-39)
ng =BN,V (5-40)
N, =H,N,V (5-41)

Table 5-13 summarizes all expressions needed for the proposed dynamic Monte Carlo model and

Figure 5-3 shows the flowsheet for the resulting simulation program.
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Table 5-13. Dynamic Monte Carlo reaction rates and rate constants for chain shuttling
copolymerization using two catalysts.

Description Chemical equations RV¢ s kMC st Equation
Initiation C,+A—>R, K, "onen, \;i\?lA (5-42)
MC Kigs 5-43
Cl + B —> Pl,l kiBl nClnB W ( )
K; 5-44
C.+A- Ql’l Kinz " NNy VII\?ZA ( )
K, 5-45
C,+B->Q, Kigo ' Ne,Ng Vi'f'i (5-45)
Propagation P.+A->P,, Koo, CK.A; (5-46)
Kk B1 -47
Ri+B—-R,; kpBlMCnpnB N - (5-47)
CCASO. e Koo (5-48)
Qr,l Qr+1,| kpAZ nQnA le\IA
+B—> . MC Kog2 (5-49)
Qr,l Qr+l,| ksz NyNg VIiIA
B-hydride elimination P.—D,,+C, ktﬂlMCnP ktﬁl (5-50)
Q. —D,;+C, ktﬁZMC Ny ktﬂZ (5-51)
Chain transfer to hydrogen P.+H,—>D,. +C e Koy (5-52)
’ ’ 1 ey, VN
A
Q,;+H,—>D,+C, oM o Ky (5-53)
tH 2 Q' 'H, VN A
Deactivation of growing chain P, — D, ; +C,, ky,"°n, K., (5-54)
Q. —D,;+Cy, deMC Ny Ky (5-55)
Deactivation of active catalyst C —C, k,,"°ne, Ky, (5-56)
MC 5-57
C2 _)Cdz kd2 Neo kdz ( )
Chain shuttling to CSA P.+S,—>SP,;+C, K Moo o Kesaor (5-58)
CSA01 P"'S0 VN A
QI’ i + SO —> SQr i + CZ k MC kCSAOZ (5_59)
' ' CSA02 nQnSO VN,
Chain shuttling to dormant P.+SP | P, j +SP. K MG K csntselt (5-60)
chain ' ' ' ' csaselt  Nplsp VN
A
R +3Q,; =P .+, Kesparons™ Nogg Kesateross (5-61)
VN,
Qr,i + Spsj - Qs, j+1 + SQr,i kcsAZcrOss Me nQ nsP kC\S/’;\Zlc;OSS (5-62)
Qi +t3Q; > Qi +5Qi  Kesaoser ve NoNsg  Kesazser (5-63)
VN,

85



nP and nQ: number of living chains from catalyst P and Q; nSP and nSQ: number of dormant chains from
catalyst P and Q; nDP and nDQ: number of dead chains from catalyst P and Q; nCDp and nCDq: number
of deactivated chains from catalyst P and Q.

From inspection of Table 5-13, the sum of reaction rates is given by,

MC
R R + RIBl + R|A2 + RlBZ + RpAl + RpBl + RpA2 + RpBZ

+ RtﬂZ + m + Rdl + Rdz + RdCl + Rdcz (5-64)

_ MC
RCSAOl RCSAOZ + RCSAlseIf + RCSAlcross RCSAZcross RCSAZseIf - Z Rj

j=1
Rigs s =Rq7
Set initial concentrations ratio, kinetic rate Remove 1 living chain
constants, Avogardro's number, control volume Compute initial concentrations of catalysts P and Q, CSA, from catalyst P and create 1
@ size, polymerization time, final conversion (tpal — monomers A and B and Hz. Compute initial number of dormant chain
and xfipg) and number of block molecules of reactants based on the their concentrations and Update other parameters
control volume size (nA, nB, nCp, nCq, nHy, nSg, NCDp=0, 4 accordingly: m
End Compute MWD, CCD and save results . nQDq:O) according to Equations (5-36) to (5-41) noe - neps 1'.
Save initial number of monomer molecules: nAg= nA; nBg= nB; ”ia' rrﬁp : 1
TNO nSp=nSg-1;
L dt="1/Rgy"In(1/rand); J R{75s S Rqg
time = time + dt LS tinal & X S Xfinal Remove 1 living chain
< |from catalyst Q and create 1
R7sssRg Ryysss R12# dormant chain
€elect random © ect random ving chain from eorantmlm t me?jc 3"’: 1 Update other‘parameters
h from catalyst Q and increase ayst Q and create I accordingly: M
number s in the Compute microscopic reaction rate for each its length dead chain nCq=nCq+1;
range from 0 to Rop b op " s ‘eng Update other parameters SQ=nSQ + 1:
reaction and their comulative sums Rq to Update other parameters accordingly n o -rr:Q b
- ol I~ =nQ-1;
Rp7 according to Equations (5-42) to (5-64) ng;c:rr?énpg?lt ncq - nCq + 1}. 1S =nSg- 1:
nB = nB - 1; “Er’]g'_”n%Q:.L Rig=s = Rqg
r Rg=s=Rg nHa = nHp - 1: Interchange lengths of 1
0sSssSRq R3sssRq Remove 1 living chain RosssR living and 1 dormant chains
Add hew Tiving chain of Add new living chain of from catalyst P and create 1 JR_emT‘Ie:S‘[W 1 for catalyst P -
length 1 from catalyst length 1 from catalyst dead chain from catalyst P an?j create 1 Update other parameters
P. Update other parameters Q. Update other parameters || Update other parameters dead chain accordingly
7 accordingly: hd aoogrdlngly. M accordingly: Update other parameters R1g=s =Ry
nCp =nCp - 1; nCq=nGq-1; nCp =nCp + 1; accordingly: M
nAp = nAp + 1; nBp =nBp + 1; nDP = nDP + 1: "CDDb = nCD: + 1: ‘ ‘Interch‘ange lengths of 1
NP =nP +1: nQ=nQ+1; WP =nP - 1; nDPp=nDPp+1‘ i living chain for catalyst P and
RisssRy nB=nB- 1; Ross=Ryg "R = nP - 1- ' 1 dormant chain for catalyst
— - RssssRs - Q. Update other parameters —|
Add new living chain of Select random Twing o | R 11living chaln Rigss < Ryg i accordingly:
length 1 from catalyst etect random fiving chain emove 9 emove T iving chain gy
from catalyst P and increase from catalyst Q and create 1 Increase block number of the
P. Update other parameters I . from catalyst Q and create 1 :
f . its length dead chain . living chain
il accordingly: Update other parameters | | Update other parameters dead chain Rppss=R
nCp=nCp-1; N P P X P P dp Iv: Update other parameters 20~ 21
nEp = nBp + 1; accordingly: accinr ingly: ] accordingly: M Interchange lengths of 1
nP=nP+1: NAp = nAp + 1; nCq=nCq+1; nCDgq = nCDq + 1; living chain for catalyst Q
AB=nB- 1- R5=s=Rg nbQ =nbQ + 1; nDQ =nDQ +1: and 1 dormant chain for
‘ Select random fiving chain nQ=nQ-% 0 =n0-1: catalyst P. Update other |
RysssR3 from catalyst P and increase RipS s SRiqq R14=s<Ri5 parameters accordingly:
Add new living chain of its length n — - Increase block number of
length 1 from catalyst I Update other parameters Remove 1 living chain Deactivate catalyst P: the living chain
Q. Update other parameters accordingly: from catalyst P and create 1 nCDp =nCDp + 1; = R21Ss <Ry
> accordingly: nBp =nBp + 1; dead chain nCp=nCp-1;
nCq=ncq-1; nB=nB-1; U, Update other_parameters L = Interchange lengths of 1
NAp = NAp + 1- Re=sSRy accordingly: Risss=Ryg living and1 dormant chains
nQ=nQ+1; Select random living chain nCp =nGCp + 1; Deacivate catalyst Q: . for catalyst Q H
from catalyst Q and increase nDP =nDP + 1; - nCDg = nCDq + 1: . L Update other parameters
its length nP=nP-1, nCq =nCq - 1; ' accordingly
Update other parameters | ] nHz = nHz - 1 L ’
n:gcffppgy'1_ j A Compute Mn, Mw, PDI,
- \_3] x = (nNAp + nBp)/ (nAg + nBp) average number of the
blocks per chain, block
“—» composition, molar fraction, ¢/
L 1 weight fraction of OBG
populations and save
intermediate results

Figure 5-3. Flowsheet for dynamic Monte Carlo simulation of chain shuttling copolymerization
using two catalysts.
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5.5  Results and Discussion
The objectives of the simulations in this chapter were: 1) to compare simulations with the dynamic
Monte Carlo model and the method of moments to ensure both are working correctly, and 2) to
investigate how different polymerization Kinetic rate constants and polymerization conditions

affect the microstructure of OBC:s.

Table 5-14 lists the polymerization Kkinetic rate constants, and Table 5-15 shows the process
conditions used in all simulations.

| tried different propagation rate constants in order to get a reasonable average number of blocks
per chain in the range of 2 to 10 blocks per chain. Wang et al.>° reported that OBCs made by Dow
Chemical Company had 2 to 10 blocks per chain. | kept the reactivity ratio for ethylene in catalyst
that produced soft block (catalyst P), r1 =5 and the reactivity ratio for 1-octene in catalyst P, r2 =
0.2 (Zhang et al.18 used the reactivity ratio for ethylene in catalyst that produced soft block (catalyst
1), r1 =5 and the reactivity ratio for 1-octene in catalyst 1, r> = 0.3). | kept the ratio between the
chain shuttling rate constant for both catalysts and propagation rate constant for catalyst P, kcsakp®
=10 (Zhang et al.1® used the same ratio). Finally, I assumed both catalysts had the same chain
shuttling rate constant and the chain shuttling rate constant to CSA is equal the chain shuttling rate

constant to dormant chain, kcsao=Kcsa, assuggested in literature.

Table 5-14. Polymerization Kinetic constants for chain shuttling copolymerization.

Kinetic constants Units Catalyst P Catalyst Q
Propagation rate constant for ethylene, k' L/(mol.s) 10000 5000
Propagation rate constant for 1-octene, kg’ L/(mol.s) 2000 100
Initiation rate constant for ethylene, k;,' L/(mol.s) Kpa” Kpa?
Initiation rate constant for 1-octene, kig' L/(mol.s) Kps® Kps®
B-hydride elimination rate constant, k' st 5

Chain transfer to H, rate constant, k' L/(mol.s) 0 0
Deactivation rate constant, k' st 0 0
Chain shuttling rate constant to CSA, Kcsao' L/(mol.s)  10x kpa”  10x kya”

Chain shuttling rate constant to dormant chain, kcsa'  L/(mol.s)  10x kpa”  10x kpa®
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Table 5-15. Process conditions for chain shuttling copolymerization.

Reactants Units Values
Total monomers concentration, [Miota] mol/L 2
1-Octene mole fraction, xg 0.5
Total catalysts concentration, [Ciota] mol/L  7.78x107
Catalyst P mole fraction (make soft block), xp 0.5
Ratio of CSA concentration to total catalysts, [CSA]/[Ciotal] 1000
Ratio of H, concentration to total monomers, [H,]/[Motal 0
Polymerization time, t S 600

5.5.1 Comparison of the Method of Moments and Monte Carlo Simulation
Figure 5-4 shows that monomer conversion predicted using dynamic Monte Carlo and the method
of moments simulations agree very well. The comonomer composition for the whole polymer

predicted by both methods is also in good agreement, as depicted in Figure 5-5.

| © overall MM <I 1-octene MM © ethylene MM  overall MC ' 1-octene MC - ethylene IV|C|

0.8 ot

o
fop}

conversion
©
~

o
N

0 == '
0 100 200 300 400 500 600
time (s)

Figure 5-4. Comparison of simulations using dynamic Monte Carlo and method of moments for
monomer conversion.
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Figure 5-5 Comparison of simulations using dynamic Monte Carlo and method of moments for
comonomer composition for whole copolymer.

The two methods predict the same rnand PDI for the whole polymer and for polymer populations
with different numbers of blocks (Figure 5-6 and Figure 5-7, respectively). Finally, Figure 5-8
shows that the two methods agree in their predictions for the fractions of the different chain

populations.
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Figure 5-6. Comparison of simulations using dynamic Monte Carlo and method of moments for
I'n.
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Figure 5-7. Comparison of simulations using dynamic Monte Carlo and method of moments for
PDI.
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Figure 5-8. Comparison of simulations using dynamic Monte Carlo and method of moments for
fractions different OBC populations.

These figures demonstrate that both models, using the method of moments or Monte Carlo
techniques, predict the same average polymer property values and monomer conversion. Since
these two models use entirely different simulation and modelling techniques, we can be confident
that they are accurately describing the polymerization mechanism adopted for chain shuttling
polymerization in this thesis (Table 5-1).
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5.5.2 Effect of changing process conditions on chain length averages
Figure 5-9 illustrates how rn of different OBC populations vary as a function of polymerization
time. In the absence of chain transfer (k= 0), the rn ofall populations increases linearly over time.
The ry for the whole polymer and for chains with 4 or more blocks (>2S,2H) keep increasing until
the end of the polymerization, but the model stops calculating the rn for populations with fewer
blocks after a certain time because the concentration of these populations become vanishingly

small, as chains with fewer blocks conwvert to chains with more blocks.
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Figure 5-9. Number average chain length for different OBC populations (ki = 0, [CSA]/[Ctot]
=1000).

If chain transfer takes place (ki > 0), the behavior of r, changes drastically, as depicted in Figure
5-10. The rq of the overall polymer and of different OBC populations increases until reaching a
plateau, remaining constant until the end of the polymerization. The rn increases in the order of
(1H) < (1S) < (1S,1H) < (1S,2H) < (2S,1H) < (> 2S,2H) because the catalyst that make the soft
blocks (P) has a higher ratio of propagation to the chain transfer rate than the catalyst that makes
the hard blocks (Q).
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Figure 5-10. Number average chain length for different OBC populations (ki > 0, [CSA)/[Ctot] =
1000).

Increasing the [CSA]/[Ctot] ratio from 1000 to 2000 (Figure 5-11) decreases the rn of the OBC

populations because the CSA acts as a reversible chain transfer agent (compare to Figure 5-10).
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Figure 5-11. Number average chain length for different OBC populations (ks> 0, [CSA]/[Ctot] =
2000).
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Figure 5-12 shows how the PDI for the different OBC populations evolves in time in the absence
of chain transfer (k,s=0). The PDI of all populations decreases over time and approaches unity at
the end of the polymerization as aresult of the chains shuttling mechanism that randomly exchange
chains of different lengths throughout the polymerization. This is an unlikely scenario in practical

cases, since a certain degree of chain transfer is always observed in these systems.
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Figure 5-12. Polydispersity index for different OBC populations (k;s= 0, [CSA}/[Ctot] = 1000).

Figure 5-13, on the other hand, examines how the PDI varies when chain transfer takes place (ks
>0). In this case, the PDI for the whole polymer and for single block populations (1H and 1S) falls
below 2 at the beginning of the polymerization, but increases back to a value of 2 due to the
accumulation of dead polymer chains formed by chain transfer. Note, however, that the PDI for
the whole polymer is initially greater than 2 (because the polymer was being made by two catalysts
before asubstantial amount of chain transfer could take place), but converges to a value of 2 at the
end of the polymerization, indicating that chain shuttling is effectively swapping polymer chains
among the two catalyst types. The PDI of chains with single blocks follows the same trends as the
whole polymer chain because these polymers consist of only one block. Populations with more

than one block have lower PDIs due to the random averaging effect of chain shuttling.
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Figure 5-13. Polydispersity index for different OBC populations (ks >0 and [CSA]/[Ctot] = 1000).

Figure 5-14 shows how the fraction of 1-octene in different OBC populations vary with time in
the absence of chain transfer. The 1-octene molar fractions of populations decrease with time
because 1-octene is fed only at the beginning of the polymerization (composition drift), as
expected. Because the concentration of populations with few blocks becomes negligibly small
after a certain polymerization time if no chain transfer takes place, the model stops calculating the
1-octene fraction in the copolymer after a certain limiting time. The molar fraction of 1-octene is
the highest for uni-block populations made on catalyst P (1S), since this is the high 1-octene
incorporator, while the lowest for uni-block populations made on catalyst Q (1H), the low 1-octene
incorporator. The 1-octene concentration in OBC populations with more blocks fall in between

these two limits, since they are different averages of these two uni-block populations.
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Figure 5-14.1-Octene molar fraction in different OBC populations (ki = 0, [CSA]/[Ctot] = 1000).

Figure 5-15shows a similar plot for the case when chain transfer is operative (k> 0). The trends
are the same as in Figure 5-14, but the 1-octene fractions are calculated for all OBC populations

since chain transfer allow for the continuous production of uni-block populations throughout the

polymerization.
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Figure 5-15.1-Octene molar fraction in different OBC populations (ks> 0, [CSA]/[Ctot] = 1000).
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Figure 5-16 shows that, without chain transfer, the fractions of uni-block populations approaches
zero, whereas the fraction of di-block populations initially increase as uni-blocks become di-
blocks, reach a maximum, then decrease as di-block chains react to from tri-block chains. A similar
behavior is depicted for the two tri-block populations (2S,1H and 1S,2H), and the same would be
observed for OBC populations with higher number of blocks, but since the model groups all these
OBC chains in a single population (> 2S,2H), this profile increases continuously until reaching a
value of 1.0, indicating that after a given time, all chains in the reactor would have 4 or more

blocks. As mentioned abowe, this is an unlikely situation during the real production of OBCs.
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Figure 5-16. Time evolution of OBC populations (ks = 0, [CSA]/[Ctot] = 1000).

As expected, the graph changes in the presence of chain transfer. The fraction of uni-block
populations decreases with polymerization time but does not reach zero, as new uni-block chains
are formed when polymer-free active sites are restored after chain transfer takes place. The same
limiting behavior is observed for populations with 2 or more blocks. This picture is more consistent
with our understanding of how chain shuttling polymerization works under usual experimental
conditions (Figure 5-17).
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Figure 5-17. Time evolution of OBC populations (ki > 0, [CSA]/[Ctot] = 1000).

Increasing the [CSA]/[Ctot] ratio affects relative amount of the distinct OBC populations: as this
ratio increases from 1000 to 2000, the fractions of chains with fewer blocks decrease, and
consequently the fraction of chains with more blocks (> 2S,2H) increases because of the higher
chain shuttling frequency, as can be concluded by comparing Figure 5-18 with Figure 5-17.

Tongtummachat et al.*° reported a similar observation for semi-batch reactors.
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Figure 5-18. Time evolution of OBC populations (ks> 0, [CSA]/[Ctot] = 2000).
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The effect of chain transfer in the average number of block in the whole polymer can be
appreciated by comparing Figure 5-19a and Figure 5-19b. In the absence of transfer, the average
number of blocks can increase up to 25 under the polymerization conditions considered in this
simulation, and this number keeps increasing linearly as a function of polymerization time. On the
other hand, the average number of blocks per chain stabilizes at a value of 6 under chain transfer
conditions because chain transfer generates polymer-free active sites that can start forming uni-
block chains any time during polymerization. Wang et al.%° reported that the average number of
blocks per chain for OBCs made by Dow Chemical Company was in the range of 2 to 10 blocks
per chain. These two figures also compare Monte Carlo and method of moments simulations,

confirming that their predictions are the same.

If one needs to make OBCs with a higher average number of blocks, one alternative would be to
increase the [CSA]/[Ctot] ratio, as demonstrated in Figure 5-19c. Higher [CSA]/[Ctot] ratios increase
the chain shuttling frequency, making OBCs with more blocks (but also with smaller average chain
lengths). Zhang et al.*4 reported similar observation, noting that the average number of blocks per
chain for the whole OBCs increased as CSA feed rate increased but for the CSTR.
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average number of

time in the absence or presence of chain transfer reactions. In the beginning of polymerization, the
CLD is broad (PDI > 2) because polymer chains are being formed by two catalysts that make

As polymerization proceeds in the absence of chain transfer, the CLDs become increasingly

the other hand, if chain transfer occurs, the CLD of the whole polymer becomes narrower via chain
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Figure 5-19. Average number of blocks per chain: a) ki = 0, [CSA)/[Ctwt] = 1000, b) ks > 0,
[CSAJ/[Ctot] = 1000, ¢) ks> 0, [CSA)/[Cto] = 2000.

Figure 5-20 illustrates how the CLD of the whole polymer changes asa function of polymerization

polymers with distinct average chain lengths and no substantial chain shuttling has occurred yet.

narrower over time, with PDIs approaching 1.0 because no dead polymer chains are formed. On

shuttling, but eventually converge to PDI values close to 2.0, which would be expected for either

asingle site catalyst, or for mixtures of single site catalysts in which substantial chain shuttling is



(%)

for whole polymer
PO

log r

w
%

—_

a)

0t=10s 2t=50s “t=100s “ t=200s v t=600s

01=10s ©t=50s < t=100s * t=200s v1=600s

&
i

b) o 4 ¢

for whole polymer
<
]

Figure 5-20. Effect of k,zon the CLD of whole OBCs: a) ks=0, b) ks> 0.

One of the advantages of Monte Carlo method is that it allows us to look into the fine

microstructural details of polymers. Figure 5-21 shows how CLDs of distinct OBC populations

evolve in time in the absence or presence of chain transfer reactions. As polymerization proceeds,
we can follow how the CLDs of OBCswith fewer blocks move into the CLDs of OBCs with more

blocks, and track down the contribution of each population to the CLD of the whole polymer.
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Figure 5-21. Effect of k,zon the CLD of different OBC populations: a) ks =0, b) ki > 0.

101



A similar investigation can be conducted to track changes in the CCD of the whole polymer and
its components as a function of polymerization time. Figure 5-22 illustrates how the CCD of the
whole polymer changes from a bimodal distribution (clearly showing the individual compositions
of the hard and soft uni-block chains) to a unimodal distribution as the polymerization proceeds
and the effect of chain shuttling becomes more prevalent. If no chain transfer takes place at the
end of polymerization, the CCD is narrow and unimodal, as expected for a multi-block product. If
chain transfer is important, however, the CCD bimodality may be reduced, but not completely
eliminated, since OBC populations with fewer blocks are constantly being formed after chain

transfer events.
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Figure 5-22. Effect of k,son the CCD of the whole OBCs: a) k=0, b) ks > 0.

Figure 5-23llustrates this phenomenon in more details, by breaking down the CCD into different
populations containing distinct number of blocks. One clearly sees that the CCD of OBCs with
more blocks becomes narrower and unimodal due to the random combination effect of the chain

shuttling process.
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Figure 5-23. Effect of k,zon the CCD of different OBC populations: a) ks =0, b) ks> 0.
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5.5.4 Effect of CSA concentration on the distributions of chain length and chemical
composition
Figure 5-24 illustrates how the CLD of the whole OBC evolves during the polymerization as the
[CSA)/[Ctot] ratio changes from 1000 to 2000. As discussed for PDI, the CLDs are initially
relatively broad (PDI > 2), but as polymerization proceeds, the CLDs becomes narrower and even

more so for the higher [CSA]/[Ctot] of 2000, because the chain shuttling rate is higher in this case.
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Figure 5-24. Effect of [CSA]/[Ctot] ratio on the CLD of the whole OBCs: a) [CSA]/[Ctt] = 1000,
b) [CSA)/[Ctot] = 2000.

Figure 5-25 investigates the effect of the same change in [CSA]/[Ctwt] on the CCD of the whole
OBC. When the [CSA]/[Ctot] ratio is increased to 2000, the CCD narrows faster because of increase
in chain shuttling frequency, but the position of the comonomer peaks remains the same. Ahmadi

et la.*8 reported the same phenomena where the bimodality of CCD vanished at high CSA.
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Figure 5-25. Effect of the [CSA]/[Ctot] on the CCD of the whole OBCs: a) [CSA]/[Ctot] = 1000, b)
[CSA])/[Ctot] = 2000.
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56  Conclusion
We have shown that simulation results obtained with a dynamic Monte Carlo model agree well
with those predicted by the method of moments. In addition to microstructural averages, the
dynamic Monte Carlo model can predict the temporal evolution of the distributions of chain length
(CLD) and chemical composition (CCD) during polymerization in a semi-batch reactor, thus

providing substantially more microstructural information than the method of moments.

The Monte Carlo model was used to investigate the effect of the chain transfer and chain shuttling
agent (CSA) concentration on these microstructural distributions and their averages, for the whole

OBC as well for populations with different number of blocks per chain.

Chain transfer has a substantial impact on the microstructure of OBCs. If chain transfer steps could
be eliminated, multi-block OBCs would predominate for longer polymerization times, and their
CLDs and CCDs would be unimodal and quite narrow. Unfortunately, this does not seem to be the
case for most practical applications of chain shuttling polymerization, where chain shuttling
reactions can compete, but cannot completely suppress chain transfer events. In such cases, chain
shuttling polymerization makes OBCs with a broader CCDs with the perhaps unavoidable
presence of populations with fewer blocks (uni-, di-, tri-blocks, etc.), but with CLDs with PDI

converging to a value of 2.0 if chain shuttling is effective during the polymerization.

This tendency to form broader CCD can be overcome, in part, by increasing the ratio of chain
shuttling agent to catalyst, [CSA]/[Ctt], since this will increase the frequency of chain shuttling
events and compete more effectively with chain transfer. But this occurs at a cost of making OBCs
with lower average chain lengths, since chain shuttling agents, albeit being reversible, also act as
chain transfer agents and retard chain growth. Note that, even though we did not examine this
scenario in this chapter, a similar effect could be achieved by looking for catalysts with higher

chain shuttling rates (kcsa).
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6. Mathematical Modeling of Chain Shuttling Copolymerizationin a CSTR
at Steady State using a Dual Catalyst

6.1  Overview
We developed a mathematical model to describe the microstructure of ethylene/1-octene olefin
block copolymers made by chain shuttling copolymerization with a dual catalyst system in a CSTR
operated at steady state using population balances and the method of moments. One catalyst
incorporates 1-octene well and produces chains with high comonomer content; the other catalyst
polymerizes 1-octene less effectively and makes chains with low comonomer content. The chain
shuttling agent acts as a reversible chain transfer agent that “shuttles” chains between the two

catalysts, producing linear olefin block copolymers (OBCs).

The population balance model predicts the number and weight average chain lengths of OBC

populations containing different number of blocks and their fractions.

We used the proposed model to investigate the effect of chain shuttling agent concentration, chain
shuttling rate constant, and average residence time for several ratios of the two catalysts on the
microstructure of OBCs, and compared them to those of OBCs made in a semi-batch reactor

described in Chapter 5.

6.2  Model Development
The polymerization mechanism used in this chapter was described in Chapter 5, but we modified
the equations in Chapter 5 for moments and mole balances to include flow rates entering and
leaving the CSTR. Table 6-1 through Table 6-6 summarize the moments equations for living,
dormant, and dead OBC populations in a CSTR operated at steady state, and Table 6-7 lists the
molar balances for all reactants. The resulting nonlinear algebraic system of equations shown in
Table 6-1 through Table 6-7 was solved by Matlab using the function fsolve. Appendix 6-A

presents the derivations of these equations in detail.

The equations used to calculate monomer conversion, average chain length, and PDI for the whole

polymer and for OBC populations, fractions of OBC populations, average number of blocks per
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chain, and mole fraction of ethylene and 1-octene for polymer populations having different

numbers of blocks are the same used for the semi-batch reactor simulations discussed in Chapter

5.

Table 6-1. Moment equations for OBC chains made in catalyst P in a CSTR operated at steady
state for the whole polymer.

Description  Moment equations
2: |"\|\/,Ii?1?ent Y _ (kl A1A + ki BlBﬁl
) 0P~
chains ( it KipHo +Kap + KesaonSo + S)
Is*M t
= "V;;’ge” (ki At kg B)C, + (KAt kysiBNop +(SX,0 )+ (SX,0 Kesn Yo
) P =
chains (ktﬂ1 +K i Ho +Kyp + KegnorSo + kcsm(SXO,P)"' kCSM(SXO'Q )+ s)
nd
gf Iil\\//:%nent - (kiAlA+ ki BlB)Cl + (kpAlA+ kpBlBXYo,P + 2Y1,P )"’ ((SXZ,P )+ (SXZ,Q »kCSAlYO,P
chains 2’P (ktﬁl kg H o + Ky +KegpnSo + kCSAl(SXO,P )"‘ kCSAl(SXO,Q )"‘ S)
th
gf ('j\élgcrjnent _ (ktﬂl + ktHlHZ + kdl)YO,P
0p =
chains ’ S
st
(1)]: (Ij\gg(rjnent _ (ktﬁl ki H, + kdl)Yl,P
P =
chains ’ S
nd
gf d'gl:g]ent _ (ktﬁl + ktHlHZ + kdl)YZ,P
2p =
chains ' S
0" Moment
of dormant (SX ): (kCSAmSO + kCSAl (SXO,Q ))YO,P
chains 0P (kCSAZYO,Q T 5)
1St Moment _ (kCSAOlSO + kCSAl(SXO,P)+ kCSAl(SXO,Q) 1,P
of dormant (SXl P )—
chains ’ (kCSAlYO,P + Kesan Yoo S)
nd
2 Moment _ (kCSAOlSO + kCSAl(SXO,P )+ kCSAl(SXO,Q) 2,P
of dormant (sz,p ) =
chains (kCSAlYo,P + kCSAZYO,Q + S)
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Table 6-2. Moment equations for OBC chains made in catalyst Q in a CSTR operated at steady
state for the whole polymer.

Description ~ Moment equations
8: II_\“ili(r)]ment Y = (ki A2A+ kiszB)Cz
Pains. " (ke Ko Hy K +KegpnSo +5)
chains tp2 T Kena M2 T Kya T Kesaoz 9o
é: :i\\/lxi?lment v (i po A+ Kig,B)C, + (Kops At kg B No o +((SX 5 )+ (SX 0 KesnaYoro
chains ’ - (ktﬂz +KioHo + Koo +KespoaSo + Kesnz (SXO,P )+ Kesaz (SXO,Q )+ S)
g;dl i'\\//:r?ment (koA +kip,BIC + (Kyno A+ ipaBNYog +2Yig )+ ((SX o0 )+ (SX o0 KesnaYog
chains ) ZYQ (ktﬂz +KipoHo + Ky +KesponSo + Kesao (SXO,P )"‘ Kesaz (SXOVQ )+ ] )
0" Moment
of dead XOQ:( 2 T KinaH +Kyo Moo
chains ’ S
1t Moment
of dead o= (ktﬁz +KiioHy +Kgo Nig
chains S
2" Moment
of dead X, = (ktﬂz +KyioHy + Ky 2Q
chains & s
0t Moment K S 4k %
of d_ormant (SXO,Q>: ( CSAO2 o(k ciAz( O)P) 0,Q
chains csaifop TS
15t Moment
of dormant (leo ): (kCSAOZSO +Kesno (SXO,P )+ Kesno (SXO,Q »Y 1Q
chains | (kCSAlYO,P + kCSAZYO,Q + 5)
2" Moment
of dormant (sz . ) _ (kCSAozso + kCSAZ (SXO,P )"’ kCSAZ (SXO,Q »Y 2,Q
chains | (kCSAlYO,P + kCSAZYO,Q + 5)
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Table 6-3. Moment equations for chains with a single block made in catalyst P in a CSTR operated

at steady state.

Description Moment equations
2: Ili\\//licr)]?ent Y. o— (kiA1A+ ; BlB)Cl + (SXO,P,i )kCSAlYO,P
0,Pji —
chains (ktﬂl + Ky Hy + Ky +KegaoSo + kCSAl(SXO,P )"‘ kCSAl(SXO,Q )"’ S)
1St Moment _ (kIA1A+ ki BlBk:l + (k pAlA+ kpBlB 0,P,i + (le,P,i )kCSAlYO,P
of living Yipi =
Chalns ( tpl + ktH1H2 + kdl + kCSAOlso + kCSAl(SXO,P)+ kCSAl(SXO,Q )+ S)
2" .Moment _ (kiA1A+ k; BlB)Cl + (kpA1A+ kpBlBXYO,P,i +2Y,p; )"’ (sz,P,i )kCSAlYO,P
of living Yopi =
chains (ktﬂl +KigHap +Kyy +KesposSo + kCSAl(SXO,P )"’ kCSAl(SXO,Q)+ s)
th M

gf de;)gmnt X, = (ktﬁ1+ktH1H2 +kd1)Y0,P,i
chains o S
15t Moment
of dead = (ktﬁl"‘ktHle +kd1)Y1,P,i
chains o S
2" Moment k +k.H.+k _
of d-ead ’pi — ( t51 tH1" "2 dl)YZ,P,I
chains S
0" Moment
of dormant (SX )_ (kCSA01SO + kCSA1(SX0,P )"‘ kcsm(SXO,Q »Y 0,P,i

. 0pi)=
chains (kCSAlYO,P + kCSAZYO,Q +S )
15t Moment
of dormant (SX )_ (kCSAmSo + kcsm(sxo,P )+ kCSAl(SXO,Q »Y 1P,

. 1pi)=
chains (kCSAlYO,P + kCSAzYo,Q +S )
2" Moment
of dormant (SX )_ (kCSAOISO + kCSAl(SXO,P )"’ kcsm(SXO,Q »Y 2,P,i

: 2P )=
chains (kCSAlYO,P + kCSAZYO,Q +3 )
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Table 6-4.Moment equations for chains with a single block made in catalyst Q in a CSTR operated

at steady state.

Description Moment equations

(0): Il\l\ill?lment Y = (kl A2A+ ki B2 BﬁZ + (SXO,Q,i )kCSAZYO,Q

Chalnsg oo (ktﬁz + ktH2H2 + kd2 + kCSAOZSO + kCSAZ (SXO,P)+ kCSAZ (SXO,Q)+ S)
1 M.Oment Y o = (ki n Atk BzB)Cz + (kpA2A+ Kog2B Nogi + (le,Q,i )kc3A2Yo,Q

of living O Ky g+ Ko H s+ Ko +KesaosSo + Kesaa (SXo p )+ Kespo (SXo0 )+ 5)
Chains tp2 tH2" "2 d2 CSA02%~0 CSA2 0,P CSA2 0,Q
g;d"'\\//:r?ment Y. = (ki an Atk BzB)Cz + (k o2 A+ kpBZBXYO,Q,i +2Y0; )+ (SXZ,Q,i )kCSAZYO,Q
chains d 29! (ktﬁz + Ky Ho +Kyo +KesanoSo + Kesao (SXO,P )+ Kcsao (SXO,Q )+ S )
0™ Moment
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1st Moment

of dead Xl o (sz + ktHZHZ + kdz 1,0
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2"4 Moment

of dead )(2Qi — (ktﬂz +ktH2H2 +kd2 2,Q,i
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0 Moment

of dormant (SX _ ): (kCSAOZSO +Kesao (SXO,P ) +Kesno (SXO,Q) 0Q.

chains " (kCSAlYO,P + kCSAZYO,Q +S )
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Table 6-5. Moment equations for OBC chains made in catalyst P in a CSTR operated at steady
state for chains having two or more blocks.

Description Moment equations
8: Ili\\/llicr)gent Vo= ((SXO,P,i )"‘ (SXO,Q,i—l ))kcsmYo,P
chains oF ( o+ K H Ky + Koo So + kCSAl(SXOYP )+ kCSM(SXOVQ )+ s)
ésft :?\A/:I?]rgent Y = (k pA1A+ kpBlB 0,P,i + ((le,P,i )+ (le,Q,i—l ))(CSAlYO,P
chains o ( 51 + ktHlHZ + kdl + kCSAOlsO + kCSAl(SXO,P )+ kCSAl(SXO,Q)+ S)
Z;dIMoment o (kpAlA + kpBlBXYO,P,i + 2Y1,P,i )+ ((SXZ,P,i )+ (SXZ,Q,i—l))kCSAlYO,P
ghali\rg?g 2P ( s FKepaHo + Kay + KegaoSo + kCSAl(SXO'P )+ kCSAl(SXO'Q)+ s)
gzadl:%g&nem opi = (ktﬁl + kth: + kdl)YO,P,i
i::t (Ij\gggﬂent X, = (ktﬂl Ky Hy + kdl)Yl,P,i
chains o S
g;ddl\e/lsénent X = (ktﬂl +Ky H, + kdl)YZ,P,i
chains 2P S
ot M t
of do;)r?aer?t B (kCSA01SO + kCSAl(SXO,P)+ kcsm(sxo,Q »Y 0P
| (SXgp;)=
chains . (kCSAlYO,P + kCSAZYO,Q +S )
Is*M t
of do(r)m:gt (SX _ ): (kCSAOISO +Kesn (SXO,P )"‘ kcsm(sxo,o »Y 1P,
chdains - (kCSAlYO,P + kCSAzYo,Q +3 )
2" M t
of dor?lrr:e]xenrt1 (SX )_ (kCSAmSo + kcsm(SXO,P )+ kCSAl(SXO,Q »Y 2P
chains e (kCSAlYO,P + kCSAzYo,Q +S )
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Table 6-6. Moment equations for OBC chains made in catalyst Q in a CSTR operated at steady
state for chains having two or more blocks.

Description  Moment equations
0: II_\/I_oment Y. = ((SXop,4)+(SXo0. JKesno Yo
ghali\lflglg e (ktﬁ'z + ktHsz + kdz + kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q)+ S)
1: II_\/I_oment v - (kpA2A+ kszB 00i T ((SXLPH)+ (SXLQJ) csaeYo.0
o ving Led 4k H, K+ Koo So 4 Keann (SX o )+ Keean (SX o )+ S
chains tp2 T Ktn22 T Koz T KesaozDo T Kesaz\9 o p )T Kesaz (9% 0,0
g;dl i,\\/,:r?gqent  (kona A+ KB Yo 00+ 2¥s00 )+ (5% 0 )+ (SX 0 eesnaYor
2,Q,i —
chains : (ktﬂz +Kiy o Ho + Ko +KospoaSo +Kespa (SXO,P )"‘ Kesnz (SXO,Q )+ S )
0" Moment
of dead X0, = (ktﬂz FKinoHy +Kao Moo
chains h S
15t Moment
of dead Xio; = (ktﬁz +KyoHp +Ky 1Q.i
chains @ s
2" Moment K
+k,,H, +k .
0" Moment
of dormant (SX _ ): (kCSAOZSO +Kesno (Sxo,p )‘l‘ Kesao (SXO,Q) 0Qi
chains - (kCSAlYO,P + kCSAZYO,Q + 3)
15t Moment
of dormant (SX _ ): (kCSAozso + kCSAZ (Sxo,p )"‘ kCSAZ (Sxo,o_ »Yl,Q,i
chains LQJ (kCSAlYO,P + kCSAzYo,Q + S)
2" Moment
of dormant (SX _ ): (kCSAOZSO + kCSAZ (SXO,P )"’ kCSAZ (SXO,Q »Y 2Qi
chains "~ (kCSAlYO,P + kCSAZYO,Q + S)
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Table 6-7. Molar balance equations in a CSTR operated at steady state.

Description Molar equations
st o _ Lo ks Hy ke Sy Yoo +C
=
(kiAlA+kiBlB+s)
catabstQ _ (ktﬂZ + ktH2H2 + kd2 + kCSAOZSO 0Q +C;n
, =
(kipgA+Kig,B +)
Chain shuttling agent (CSA) gin
S, = 2
’ (kCSAOIYO,P + kCSAOZYO,Q + S)
Deactivated site of catalyst P kdl(YO o+ C1)
Cu= 'S
Deactivated site of catalyst Q kd (Y +C )
2\'0,0 2
et
Ethylene consumption b
S
1-Octene consumption b
S
Ethylene consumption by _ Yo )A
catalyst P = (kinsCs + Kpus )
’ S
Ethylene consumption b
catglyst Q P Y = (ki wCa tKoaYoo )A
’ S
1-Octene consumption by k C.+k Y. B
catalyst P p1=( iB1~1 T "pBl o,P)
' S
1-octene consumption b
’ S

s: reciprocal of the average residence time in the CSTR
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6.3 Results and Discussion

Table 6-8 lists the polymerization kinetic rate constants, and Table 6-9 shows the polymerization

conditions used in all simulations.

Table 6-8. Polymerization kinetic constants.

Kinetic constants Units Catalyst P Catalyst Q
Propagation rate constant for ethylene, k' L/(mol.s) 10000 5000
Propagation rate constant for 1-octene, kg’ L/(mol.s) 2000 100
Initiation rate constant for ethylene, kia' L/(mol.s) Kpa" Kpa®
Initiation rate constant for 1-octene, Kig' L/(mol.s) Ko" Kps®?
B-hydride elimination rate constant, k ;' st 5 10
Chain transfer to H, rate constant, k' L/(mol.s) 0 0
Deactivation rate constant, k' st 0 0
Chain shuttling rate constant to CSA, Kcsao' L/(mol.s)  10x kpa®  10x kpa”
Chain shuttling rate constant to dormant chain, kcsa'  L/(mol.s)  10x kpa®  10x kpa®
Table 6-9. Polymerization conditions.
Reactants units Values
Total monomers concentration, [Mq] mol/L 2
1-Octene mole fraction, X 0.5
Total catalysts concentration, [Cio] mol/L  7.78x107
Catalyst P mole fraction (make soft block), xp 0.5
Ratio of CSA concentration to total catalysts, [CSA]/[Cio] 1000
Ratio of H, concentration to total monomers, [H2]/[Mot] 0
Average residence time, 7 S 600

The total molar flow rate of catalysts and CSA to the CSTR was adjusted so that the total
concentration of catalyst and CSA in the CSTR was the same to the equivalent concentrations in
the semi-batch reactor. Ethylene and 1-octene concentrations were also kept the same in both
reactors. For the comparisons discussed in this chapter, the polymerization time in the semi-batch

reactor is equal to the average residence time in the CSTR.
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6.3.1 Effect of CSA concentration on the microstructure of OBCs made in CSTRs and
semi-batch reactors
Figure 6-1a compares the number fraction (n) of the different OBC populations made in CSTR
and a semi-batch reactor under equivalent conditions as a function of the mole fraction of the
catalyst that makes the soft blocks (xp).

As xp increases, the fractions of OBCs having two or more blocks — (1S,1H), (2S,1H), (1S,2H)
and (> 2S,2H) — increase until reaching a maximum value, then decrease. As Xxp increases, the
fraction of chains with a single soft block, (1S), increases, while that of chains with a single hard
block, (1H), decreases, as expected. OBC chains with 2 blocks (1S,1H) reach a relatively flat
plateau, provided that both catalysts are present in the reactor, but chains with three blocks,
(1S,2H) and (2S,1H) achieve maximum fraction when the catalyst that makes two of its blocks is
present in higher molar fraction. Finally, multiblock chains with 4 or more blocks, (> 2S,2H), are
favored when an almost equimolar concentration of the two catalysts is introduced in the reactor.
These results agree with our expectations, but nonetheless provide useful information for the

design of OBCs with controlled microstructures.

The fraction of chains with 4 or more blocks in the CSTR is lower than that obtained in the semi-
batch reactor, while the opposite is observed for chains with fewer blocks, because fresh catalyst
(without any blocks) is constantly fed to the CSTR. Note also that the differences are more
pronounced for higher [CSA]/[Ctot] ratios (Figure 6-1b). As the [CSA]/[Ctot] ratio increases, the
fraction of chains with 4 or more blocks increases, while the fraction of chains with fewer blocks
decreases in both modes of operation due to the increase chain shuttling rate. Tongtummachat et
al.* reported a similar observation for semi-batch reactors but did not extend their analysis to
CSTRs.
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Figure 6-1. Number fractions of different OBC populations: a) [CSA]J/[Ctt] =

[CSA)/[Ctot] = 5000 (Semi-batch reactor: solid lines; CSTR: dashed lines).
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Figure 6-2ashows that as xp increases, the rn of chains with a single soft block (1S) increases and
the ry for chains with a single hard block (1H) decreases. This simply reflects the fact that when
more catalyst P is present in the reactor, it is more likely that a dormant chain made in catalyst P
will shuttle back to another catalyst P molecule, further extending its length, than shuttling to
catalyst Q to form a chain with 2 blocks (1S,1H). A similar rationale explains the variations for

seen for the other OBC populations.

Under the investigated simulation conditions, the rn of OBC populations made in the semi-batch
reactor or CSTR are very similar. Chains with 4 of more blocks made in the CSTR have slightly
higher r, than those produced in the semi-batch reactor, but this behavior is reversed for chains
with fewer blocks, which can be accounted for by the continuous feed of fresh catalyst to the
CSTR.

As the [CSA]/[Crot] ratio increases, the rn of all OBC populations decreases in both reactors because
the chain shuttling agent acts as a reversible chain transfer agent. The difference between the rn in
both reactors becomes more obvious at higher [CSA]/[Ctot], as shown in Figure 6-2b compared to

Figure 6-2a.
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Figure 6-2. Number average chain lengths of different OBC populations: a) [CSA]/[Ctt] = 1000
and b) [CSA)/[Ctt] = 5000 (Semi-batch reactor: solid lines; CSTR: dashed lines).
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Figure 6-3a shows that as xp increases, the rn of the whole polymer also increases because the
propagation to chain transfer ratio for catalyst P is higher than that for catalyst Q. The rn of the
whole polymer made in the CSTR have slightly higher rnthan those produced in the semi-batch
reactor. This is because the fraction of chains with fewer blocks made in the CSTR is higher than
that made in the semi-batch reactor, while the fraction of chains with 4 of more blocks made in the
CSTR is lower than that produced in the semi-batch reactor. These two effects cancel each other

out, making the rn of the whole polymer made in both reactors the same.

Even though the rn for the whole polymer made on both reactor is almost the same, the rw for the
whole OBC is not the same, since OBCs made in a CSTR will have PDI equal to 2.0 due to the

exponential residence time distribution of a CSTR as shown in Figure 6-3b.
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Figure 6-3. Effect of [CSA]/[Ctt] ratio on the whole polymer: a) rn and b) rw (Semi-batch reactor:

solid lines; CSTR: dashed lines).
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6.3.2 Effect of chain shuttling rate constant on the microstructure of OBCs made in
CSTRs and semi-batch reactors
Figure 6-4ato Figure 6-4f compare the effect of the kcsa/kpa® ratio on the number fraction
of different OBC populations made in a CSTR and a semi-batch reactor. As kcsa/kpa”
increases (keeping kpaP the same), the fraction of OBCs with 4 or more blocks increases,
while the fractions of OBCs with fewer blocks decrease due to higher chain shuttling

frequency. The difference between the fractions in both reactor becomes smaller by
increasing the kcsa/kpaPratio.
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Figure 6-4. Effect of the kcsa/kpa® ratio on the fraction of different OBC populations (Semi-batch
reactor: solid lines; CSTR: dashed lines).
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Although the increase of the kcsa/kpa® ratio does not affect the rn of the whole polymer (Figure
6-5), it affects the rn of the OBC populations (Figure 6-6a through Figure 6-6f). As the Kcsa/kpaP
ratio increases, the rn for OBC populations decreases in both reactors, since higher kcsa values
increases the frequency of exchange between living and dormant polymer chains. Thus, the higher
the Kcsa, the faster the exchange between the two polymer chains (i.e., living and dormant) and the
lower the average chain length for OBC populations while the whole polymer is not affected.
Tongtummachat et al.*® reported a similar observation for semi-batch reactors but did not extend
their analysis to CSTRs. They found that for the same chain shuttling concentration, changing the
value of kcsa/kp has a minor effect on the number average molecular weight (Mn) at very short
polymerization times, with higher Kkcsa/kp leading to a slower My increase, but with a longer
polymerization time, all Mn curves converge to the same value because the chain transfer becomes
dominant. The same behavior was observed for ethylene chain shuttling polymerization as
discussed in Chapter 3. The difference between the ry in both reactors becomes small at higher

kcsalkpaP ratio.

The difference between the polymer populations made in both reactors becomes large at high CSA
concentration and small at high chain shuttling rate constant (kcsa). This can be explained by the
effect that CSA works as chain transfer and chain shuttling agent in the same time in both reactors
while the fresh CSAis fed to CSTR continuously.
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Figure 6-5. Effect of the kcsa/kpaP ratio on the ry of the whole polymer (Semi-batch reactor: solid
lines; CSTR: dashed lines).
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6.3.3 Effect of reactor average residence time on the microstructure of OBCs made in
CSTRs and in semi-batch reactors

Figure 6-7ato Figure 6-7f compare the effect of the average residence time (z) on the number

fraction of different OBC populations made in a CSTR and in a semi-batch reactor. The plot for

the fraction of chains with single soft blocks (1S) is a mirror image of the plot for the fraction of

chains with single hard blocks (1H); the same behavior is seen for the two tri-blocks OBCs,

(2S,1H) and (1S,2H). The fraction of chans with two blocks (1S,1H) and 4 or more blocks (>

2S,2H) passes through a maximum value as xp varies from 0 to 1.0.

It is important to highlight a few trends. As the reactor average residence time (or polymerization
time) increases: 1) the fraction of chains with a single block decrease, 2) those with 2 and 3 blocks
initially increase, pass through a maximum, then decrease, and 3) those with 4 or more blocks
increase continuously. This is consistent with the increased number of chain shuttling events that
take place when the polymerization time increases. Finally, OBCs made in semi-batch reactors at
all times will have a higher fraction of multiblock chains, as already observed above for other

simulations.
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Figure 6-7. Effect of average residence time on the fraction of different OBC populations (Semi-
batch reactor: solid lines; CSTR: dashed lines).
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Figure 6-8 and Figure 6-9 (a to f) compare the effect of the average residence time (z) on the rn of
the whole polymer and OBC populations, respectively. The values of r, for the whole OBC
increase with T, since longer polymerization times allow for more extensive chain shuttling, and
consequently make longer OBC chains. (Figure 6-8). OBCs made in the CSTR have slightly higher
n since dormant chains are always present in the CSTR, allowing the fresh catalysts to start
shuttling with them as soon as they enter the reactor. In a semi-batch reactor, on the other hand, at
time t = 0 there are no dormant chains, only fresh catalysts, and it takes a certain length time until

the dormant chains of different lengths are formed and accumulate in the reactor.
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Figure 6-8. Effect of average residence time on the rn of whole polymer (Semi-batch reactor: solid
lines; CSTR: dashed lines).
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6.3.4 Effect of reactor mode of operation on the average number of blocks per chain
Figure 6-10 illustrates how the average number of blocks per chain passes through a maximum
value as xp varies from 0 to 1.0, as expected since to form blocks both catalysts must be present in
the reactor (the average number of blocks per chain = 1 at xp =0 or xp=1.0). The average number
of blocks per chain made in the CSTR is lower than that obtained in the semi-batch reactor also
because fresh catalysts (no blocks) are fed continuously to the CSTR. This finding is important for
polymer properties because it shows that, even though nand rn for the chain populations does not
differ much for polymers made in semi-batch reactors and CSTRs (Figure 6-1and Figure 6-2), the
average number of blocks of these materials may be substantially different, as will be their final

properties.

As the [CSA)/[Ctt] ratio increases, the average number of blocks per chain increases in both
reactors due to the increase in the chain shuttling rate (Figure 6-10a). We observe the same

behavior if the kcsa/kpaP increases at constant kpa® (Figure 6-10b) and if 7 increases (Figure 6-10c).
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6.4  Conclusion
We carried out a comprehensive comparison of chain shuttling copolymerization in a CSTR
operated at a steady state and in a semi-batch reactor. We investigated the effect of CSA
concentration, chain shuttling rate constant and average residence time as a function of the mole
fraction of the catalyst that makes soft blocks.

Reactor type influences the average number of blocks per chain, fraction of OBC populations, and
average chain length of the different OBC populations. The average number of blocks per chain
made in the CSTR is lower than that made in the semi-batch reactor. The fraction of chains with
multi-blocks made in the CSTR is lower than that produced in the semi-batch reactor, while the

reverse is observed for chain with fewer blocks.

The effect of reactor type on the number average chain length of OBC populations is opposite to
its effect onthe fractions. Interestingly, the reactor type has no effect on the number average chain
length of the whole polymer at higher average residence time. The difference between the polymer
populations made in both reactor becomes large at high CSA concentration and at low chain

shuttling rate constant.
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7. Main Contributions and Recommendations for Future Work

7.1

Contributions

The following points summarize the major contributions of this thesis:

1.

7.2

Development of a mathematical model for chain shuttling polymerization in a semi-batch
reactor using the method of moments covering the properties of chains having 1, 2, 3 and
4 or more blocks as a function of time.

Development of a mathematical model for chain shuttling polymerization in dynamic and
steady-state CSTR using the method of moments describing the properties of chains having
1,2, 3, and 4 or more blocks.

Development of a dynamic Monte Carlo simulation model for chain shuttling
polymerization in a semi-batch reactor covering the properties of chains having 1, 2, 3 and
4 or more blocks as a function of time.

Use of these models to quantify how different polymerization conditions and reactor

operation modes affected the microstructure of olefin block copolymers.

Recommendations for future work

Based on the extensive simulation work performed in this thesis, the following additional

modelling work is recommended to further increase the understanding of olefin block copolyemrs:

1.
2.

Extend the proposed polymerization models from Bernoullian to Terminal model.

Verify whether the pseudo-kinetic model applies to chain shuttling polymerization, which
would make the development of Terminal models much easier to implement.

Perform polymerization experiments, including the experimental determination of chain
shuttling constants, to test the proposed model.

Look for a possible analytical solution to describe the microstructure of olefin block
copolymers made instantaneously in any reactor type.

Find analytical methods to characterize the detailed microstructure of olefin block
copolymers. These methods are essential for model validation and to establish property-

structure relationships for these materials.
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Appendices

Appendix 3-A
Population Balance for M
d[M
B rcami- D[R]

Now substituting v, — i[pr]into Equation (1):
r=1

d[M] _

~k[CI[M]=k Y,[M]
dt
Population Balance for C

- kreami- [c1+(kw+ktH[H2])Z[P]+kCSAoZ[P][s ]
Simplified Equation (3):

d([jct:] ~(ki[IM]+Kg)ICT+ (kg + ki [Ho]+ Keguo[SoD)Yo

Population Balance for So

d[S,] _
dt

_kCSAO i[Pr ][So]

Simplified Equation (5):

d[S,]
dt

= _kCSAOYO[SO]

Population Balance for P1 (r=1)

d[P
dt

~KesPIYIS,D.]+kese Y [P,

S#I S#I

139

il =kK[CIIM] =k [PIIM] =k [P] =k [H, IR - ks [R] = Kesno [RIIS, ]

1)

2)

3)

4)

)

(6)

()



Now substituting [SXO];i[SPS] and Y, = i[PS] into Equation (7):
=1 =1

S#Ir S#r

%:ki[C][M]—kp[H][M]—(kw+ktH[H2]+kd+kCSAO[SO]+kCSA[SXO])[H]JrkCSAYO[spl] ©)

Population Balance for Prwhere (r > 2):

1P, M1 [RIIMI - K, [R]- Ky [H.IR1- K, [R]- kel RIS,

+heon ) [PIISP~kes, Y ISP

S#I S#I

©)

Simplified Equation (9):

% =K, IMI([P_1-[P]) — (ks + ki [Ho1+ Ky +KesuolSol+ Kesa SXoDIP T+ kesaYo[SP1  (20)

Population Balance for Drwhere (r > 2):

O+ THDERTHRT = O, K [H P -

Population Balance for SPr where (r > 2):

BB elSilIR 1+ ke ISPIR I~k RSP 12)

Simplified Equation (12):

d[sP]
dt

=Kesao[Sol[P 1+ Kesa[SX I[P 1= KesaYo[SP ] 13)

The 0" moment of living polymer chain,
Yo=Y [R1=[R1+ > [P] (14)
r=1 r=2

Taking the first derivative of Equation (14):
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dy, dP &d[P]
~o0o_>1 15
o d X (15)
Now substituting Equations (8) and (10) into Equation (15):
dy,
d_to =k[C][M]- kp[Pl][M 1- (kw + Ky [H, ]+ Ky + KespolSol+ KesalSXo D) [P+ Kesn Yo, [SRT+
0 0 0 0 (16)
k,[M ](Z[Pr—l] - Z[Pr]) = (ks + Ky [H 1+ kg +Kegno[Sol+ kCSA[SXO])Z[Pr] + kCSAYOZ[SPr]
r=2 r=2 r=2 r=2
The term i[Pr_l] in Equation (16) must be expressed as a function of moments by using:
r=2
2P 1=[RI+[PI+[R]+ .. = D [RI=Y, 17)
r=2 r=1
[RL]+Z[Pr]:Z[Pr]:YO (18)
r=2 r=1
[SRI+ > [SR]1= 2 [SR1=[SX,] (19)
r=2 r=1
dy,
e KICIIM] = (ks + ki [Ha1+ Ky +Kespol So) Yo (20)
The 15tmoment of living polymer chain,
Y,=> rP1=[R]+ > rP] (21)
r=1 r=2
Taking the first derivative of Equation (21):
dy, _dPL, <~ d[R]
TRRRrTR ST (22)
Now substituting Equations (8) and (10) into Equation (22):
dy,
d_tl =k [C][M]- kp[Pl][M - (kw + Ky [H, ]+ Ky + Kesaol Sol + Kesal SX DIP] + KesnYo[SP] +
0 0 0 0 (23)
k,M ](Z rR.l- Z MR D) = (ki + ki [H 14Ky +KegpolSo]+ kCSA[SXO])z iR 1+ kCSAYOZ r[SP]
r=2 r=2 r=2 r=2
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The term Zr[PH] in Equation (23) must be expressed as a function of moments by using:

Zr[Pr1]:2[P1]+3[P2]+4[P3]+ ....... o :2[Pr]+2r[Pr]=Yo+Yl (24)
[P1]+r2r[P,]=[Pl]+2[P2]+3[P3]+4[P4]+ ....... :2r[P,]:Y1 (25)
[sa]+2r[sp,]=[sa]+2[spz]+3[spg]+4[sp4]+ ....... :2r[spr]=[sxl] (26)
ay,

at kKICIIM]+ kp[M I\ (ktﬁ’ ki [Ho ]+ Ky +KesnolSol+ Kesal SXo]) Yy + K Yo [SX, ] (27)

The 2"9moment of living polymer chain,

Y,= > FRI=[R]+ Y rP] 28)

Taking the first derivative of Equation (28):

(29)

Now substituting Equations (8) and (10) into Equation (29):

av, _

dt

koMIYFIPa]= 2 TR D) = (kg +ka [H T+ K +kesualSol + kes[SXoD) IR T +esaY D ISP
r=2 r=2

r=2 r=2

K[CIIM]- kp[Pl][M - (ktﬂ Ky [Ho 1+ Ky +Kegnol Sol + Kesa[SXoDIRT+ KesaYo[SRI+
(30)

The term Zrz[PH] in Equation (30) must be expressed as a function of moments by using:
r=2

- ) ) (31)
-SRI+ 23 RIS TRV, 2+,
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[P1+Y FP[P]=[P]+4[P]+ [P +16[P] + ... = Y F[P]=Y,

r=2

[SP]+ irz[SR] =[SR]+4[SP,]+9[SR,]+16[SP,] +...... = irz[SF}] =[SX,]

r=2

dy,
dt

The 0" moment of dead polymer chain,
[X,]=2[D,]
r=2

Taking the first derivative of Equation (35):

d[x ] id[Dr]
= dt

Take summation the both side of the equation (11):

0

r=2

Now substituting Equation (36) into Equation (37):

d[X,]

(k +ky [H,]1+k,)Y,

The 1stmoment of dead polymer chain,
[X.1= 11D,

Taking the first derivative of Equation (39):
d[d>:1] _ ér d[D

Take summation the both side of the equation (11):
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=K[CIIM]+k [M](Y, +2Y;) = (k5 + ks [Hy1+ Ky +Kepo[Se] 4 KesalSXoD) Yy +KesaYo[SX, ]

= (ki + ki [Ha] 4Ky )Z[P] (ki + ki [Ho1+ k) (Yo = P) = (ki + ki [Ho ]+ k)Y

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)



ir

=2 r=2

-

Now substituting Equation (40) into Equation (41):

diX,]
— ==k ky[Hol+kY,

The 2"dmoment of dead polymer chain,

[%,]= Y. 1D,

Taking the first derivative of Equation (43):

X 52 D]

Take summation the both side of the equation (11):

0

Zfz

=2

-

Now substituting Equation (44) into Equation (45):

d[X,]

= (ki Tk [Ho]+ky)Y,

The 0" moment of dormant polymer chain,

[SX,] =§[SR]

Taking the first derivative of Equation (47):

d[SXO] id[SP]
o dt

Take summation the both side of equation (13):

id[jt Kessol Z[P]+kCSA[SXo]Z[P] KesaYo Z SP]

r=1

144

Kis + K [H,]+Kq )Z r[P.1= (ks + Ky [H, ]+ Ky ) (Y, =

R)

ktﬁ+ktH[H2]+k )Zr [P]= "‘ktH[Hz]"'kd)(Yz_

113

R)

(ki

~

Tk [Ho]+kg )Y,

kw +ky [Hy]+K)Y,

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)



Now substituting Equation (48) into Equation (49) and simplified:

d[SX,] _

dt CSAO[S ]YO +kCSA[SX ]YO kCSAY [SX ]

B sl

The 15t moment of dormant polymer chain,
[SX,]=) r[SP]
r=1

Taking the first derivative of Equation (52):

d[SXl] 5 d

r=1

Take summation the both side of equation (13):

3 4R

r=1 dt

= kCSAO[SO]Z [P ]+ kCSA[SXO]Z rfP]- kCSAYOZ I‘[SR]
r=1 r=1 r=1

Now substituting Equation (53) into Equation (54) and simplified:

d[SX
% = chAO[So]Yl + kCSAYl[Sxo] - kCSAYo[le]

Rearrange the above equation:

d[sx,]

dt ( CSAO[S ] kCSA[SX ])Y kCSAY [SX ]

The 2"dmoment of dormant polymer chain,
[SX,]=2 r[SP]
r=1

Taking the first derivative of Equation (57):

dISX,] < . d[SP]
7 e rc-——=r=
dt rZ:l: dt
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(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)



Take summation the both side of equation (13):

0 d SP 0 0 0

PG LR Eh) S (AR Yo (ARNS Y5 )
r=1 r=1 r=1 r=1

Now substituting Equation (59) into Equation (58) and simplified:

d[SX
% - kCSAo[SO]YZ + kCSAYZ[SXO] - kCSAYO[SXZ] 0

Rearrange the above equation:

d[SX
% = (Kespol Sol + Kesal SXo DY, —KesaYo[SX, ] oy
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Appendix 4-A
Population Balance for M

d[m] _

= ~K[CIM]-k Z[P][M] sIM]+[M]"

Now substituting vy, — i[pr]into Equation (1):
r=1

Ll\t/l] =—(k[C]+k,Y, +5)[M]+[M ]"

Population Balance for C
d[C] _

dt r=1 r=1
Simplified Equation (3):

d[c] _

ot = (I, #9)ICT+ (ky +h[H T kosolS, DY +[C1°

Population Balance for So

d[S o |
Ejto] :—szAOZ[Pr][SO]—S[SO]+[SO]|n
Simplified Equation (5):

dfS,]
dt

= —(KesaoYo +S)[Se1+[S, ]"

Population Balance for P1(r=1)

d[P.]
dt

- kCSA[Pl]i [SoDs]"‘ kCSAi[Ps][SO Dl]_S[Pl]

S#I S#I

= ki [C][M]_kp[Pl][M]_ktﬁ[Pl]_ktH [HZ][PI]_kd [Pl]_kCSAO[Pl][SO]

Now substituting [SX,]= Y [SP] and Y, =>'[P,]into Equation (7):
s=1 s=1

S#I S#I
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—K[CIIM]=k, [C]-S[C]+ (kyy + ki [H, ])Z[P]+kCSAOZ[P IIS,1+[C]"

1)

2)

3)

4)

)

(6)

()



%: K [CIIM 1=K, [PIIMT= (ks + Ky [H T+ K +Kesuo[So1+ Kesa[SX o1+ S) P14+ Kesa Yo [SP]

(8)
Population Balance for Prwhere (r > 2):
dE;’r] =k, [P JIMI-K,[PIIM] =k ;[P 1-Ky [H, I[P, 1=K, [P, 1 Kesno [P 1S, ]

©)

s Y [PIISP ]~ kesu Y (SR~ S[P]

S#I S#Ir

Simplified Equation (9):

d[P.
M - 1PD = (g KT K, +KegalS, ]+ X+ 9P 1+ KV P
(10)
Population Balance for Drwhere (r > 2):
d[D,]
gt~ Ky KulHDIR T+ k(R 1=[D ] = (ks + ko [H T+ ko )IP ] =[D ] (11)
Population Balance for SPr where (r > 2):
d[SP.] > 2
qt = Kesao[Sol[P I+ kCSAZJ;[SPs IP.1- kCSAZ:L:[Ps IISP.1-s[SP ] 12)
Simplified Equation (12):
d[SP]
dt = Kesao[So I[P, 1+ Kesa[SXo I[P, 1 =Ko Yo [SP, 1 S[SP, ] (13)
The 0" moment of living polymer chain,
YO :Z[Pr]:[F)jL]+Z[Pr] (14)
r=1 r=2
Taking the first derivative of Equation (14):
dY, _dR | ZM (15)

dt dt = dt
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Now substituting Equations (8) and (10) into Equation (15):

ddYtO = I(i [C][M ] - kp[Pl][M ] - (ktﬁ' + ktH [H 2] + kd + kCSAO[SO] + kCSA[SXO] + S) [Pl] + kCSAYO[SPl] + (16)
Ky IMICEIR 1= IR D) = iy + K [H21+ Ky + Kesio o1+ Kesa[SX 1+ )X [Py 1+ kesa¥o Y [SP
The term Z[PH] in Equation (16) must be expressed as a function of moments by using:
r=2
2 [P.I=[PI+[RI+[R]+.... = > [R]=Y, A7)
r=2 r=1
[Pl]+Z[Pr]:Z[Pr]:YO (18)
r=2 r=1
[SR1+ > [SR1= > [SP1=[SX,] (19)
r=2 r=1
dy,
s KICIM] = (ks +ky [Ho ]+ Ky +Kesig[Sol+5) Yo (20)
The 15t moment of living polymer chain,
Y,=> r[P1=[R]+ > rP] (21)
r=1 r=2
Taking the first derivative of Equation (21):
dY, _d[P}, , <~ d[R]
—== r
aa T (22)
Now substituting Equations (8) and (10) into Equation (22):
ddYtl =k [C][M]- kp[Pl][M - (klﬂ +Kyy [Ho 1+ Ky +Kesno[So 1+ Kesa[SX o1+ 8) [P ]+ Kesa Yo [SP ]+ (23)

KM TP, 1= 3P D) (kg + ke [H 1+ g +KegnolSo ]+ Kesa[SXo 1+ )3 1P 1+ keeaYo 3 ISP,

The term Zr[Pr_l] in Equation (23) must be expressed as a function of moments by using:
r=2

149



SR, 1= 2AP1+ AP+ 4P oo = S [P T+ S AP I= Y, +Y, (24)

r=2

[P1+ > r[R1=[P1+2AP]+3P]+4[P]+.....= > r[P]=Y, (25)
r=2 r=1
[SF;]+ir[SP,] =[SR]1+2[SP,]+3[SR]+4[SP,] +....... = ir[SF{] =[SX,] (26)
r=2 r=1
dy,
o KICIIMI+ K IM]Yy = (ks + Ky [H T+ Ky +Keguo[So T+ Kesa[SXo1+8) Yy +KesaYo[SX, ]
@7)
The 2"dmoment of living polymer chain,
Y, =2 r’[R1=[R1+ > r’[P] (28)
r=1 r=2
Taking the first derivative of Equation (28):
dy, d[P] <
dt dt Z (29)
Now substituting Equations (8) and (10) into Equation (29):
dy,
=K[CIIM] =k [RIIM — (ks + kyu[H 1+ Ky +KespolSol+ Kesal SXo] + $)[PI+ KesaYo[SR] +
3 3 (30)
k,M]( Zr [P.]- ZI‘ [R]) - (ky + ki [H 14K, "’kCSAo[So]"'kCSA[SXo]"'S)ZrZ[R]"'kCSAYoer[SR]
r=2 r=2
The term ZrZ[P,_l] in Equation (30) must be expressed as a function of moments by using:
r=2
Zr [P_]1=4[P,]+ O[P,]+ L6[P,] + ... :i(r +1)2[Pr]=i(r2 +2r +D[P]
31)
:Z[P]+22r[P]+Zr [P]1=Y,+2Y,+Y,
r=1 r=1
[P+ r’[R1=[RI+4P,]1+9P]I+16[P ] +..... = D r’[P]1=Y, (32)
r=2 r=1
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[SP]+ Y r*[SP]=[SP]+4[SP,]+ 9[SP]+16[SP,] +..... = 3 rY[SP]=[SX,] (33)

r=2
&, =K, [CIIMT+K, IMI(Yy +2Y,) = (Kyy + Ky [H, 14Ky +Keguo[So 1+ Kesa[SXo1+5) Y, +kesaYo[SX,1 (34)

The 0" moment of dead polymer chain,
[X,1=> [D,] (35)
r=2

Taking the first derivative of Equation (35):

Mxliﬁm
~ dt

(36)

Take summation the both side of the equation (11):

o0

2 deHHkimﬂSZD]— an

(ki Ky [H, 14k ) (Yo = Pl)—Sl[Xo] = (kw Ky [H,1+k )Yo =S[X,]

Now substituting Equation (36) into Equation (37):

Xo] _ () +ku TH, T Ky Yo = SIXG] @9)

The 15t moment of dead polymer chain,
[X,]=>r[D,] (39)
r=2

Taking the first derivative of Equation (39):

dIX,]_s-, dID)]

(40)

Take summation the both side of the equation (11):

—(k + ktH [H2]+ kd )ir[Pr]—sir[DrF(kw + ktH[Hz]+kd)(Y1 - Pl)—s[Xl]; 41)

(k ktH[H]+k) -s[X,]
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Now substituting Equation (40) into Equation (41):

diX,]
dt

=(kyy + kg [H, ]+ kg )Y, = S[X,]

The 2"9moment of dead polymer chain,

[%.]= Y r'ID,]

Taking the first derivative of Equation (43):

Take summation the both side of the equation (11):

Zrzd[D] (kyy + ks [H,1+ K Zr [P.]- sZr [D,]=

r=2

(kg + Ky [Ho ]+ )(Y, - 1)—S[><z]E (ki + ktH[Hz]+kd )Y, —s[X,]
Now substituting Equation (44) into Equation (45):

dix,]

dt :(ktﬁ + ktH[H2]+ kd )Yz _S[Xz]

The 0t moment of dormant polymer chain,

[SX,] :itsm

Taking the first derivative of Equation (47):

d[SX,] _ < d[SP]
dt _; dt

Take summation the both side of equation (13):

00

Z d[jfr] =Keswo [SO]i[Pr] T kCSA[SXO]i[Pr] - kCSAYoi[SPr]_ Si [SPr]
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(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)



Now substituting Equation (48) into Equation (49) and simplified:

d[z)t(O] - kCSAO [So ]Yo + kCSA[SXo]Yo - kCSAYO [SXO]_ S[SXO]
d[SX, ]
T CSAO [S }Yo [ ]

The 15t moment of dormant polymer chain,

[5X,]= 3 r[SP]

Taking the first derivative of Equation (52):

d[SXl] 5 d

r=1

Take summation the both side of equation (13):

y I

r=1

d[SP] Kesao[So ]Z [P 1+ kesa[SX, ]Z rP] kCSAYoir[SPr]_Si I’[SPr]

Now substituting Equation (53) into Equation (54) and simplified:

RN A R A B B RA A B

Rearrange the above equation:

d[SX,]
dt

= (Kesao[So ]+ Kesa[SXo DYy = (KesaYo +5)[SX,]

The 2"dmoment of dormant polymer chain,
[SX,]=2 r[SP]
r=1

Taking the first derivative of Equation (57):

dISX,] < . d[SP]
7 e rc-——=r=
dt rZ:l: dt
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(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)



Take summation the both side of equation (13):

=, d[SP, @
Yt [ I Kespo[S ]Zr [P.1+ Kesa[SX ]Zr [P.]-kesYo Zr [SP.]-s>r?[sP ] (59)
r=1 r=1

Now substituting Equation (59) into Equation (58) and simplified:

d[SX
% Kesno[SoIYs + KesaYo[SX o1 = KesaYo[SX,1-S[SX, | (60)

Rearrange the above equation:

d[SX, ]
dt

= (Kegno[So ]+ Kesa[SXo DY, = (KesaY, +S)SX, ] (61)
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Appendix 5-A
The following expression gives the k™ moment for living, dormant, and dead chains of a generic
distribution f(r,i):

Hei =

SrE(ri) 1)

We adopted the following nomenclature for the moments:

1.

Ykp and Yo are the k' moments of the living chains growing in catalyst P and Q,
respectively.

SXk.p and SXkq are the k'"moments of dormant chains for which catalyst P and Q made the
last block, respectively.

Xi,pand Xkqare the k"moments of dead chains for which catalyst P and Q made the last
block, respectively.

Ykp,iand Yiq,are the k" moments of living chains growing in catalyst P and Q having i
blocks, respectively.

SXk.p,iand SXko,iare the k™ moments of dormant chains having i blocks for which catalyst
P and Q made the last block, respectively.

Xk.p,iand Xk,q,i are the k" moments of dead chains having i blocks for which catalyst P and

Q made the last block, respectively.

These moments are defined using the following equations,

Yk,P =

iirkYk,P.i @)

=1 r=1

Yk,Q :iirkYk,Q,i 3)

i=1 r=1
SXyp =D D r"SX, o, 4)
i=1l r=1
SXio0 =2, "X, 0. (5)
i=1 r=1
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Yk,Q,i = Z err,i = Q1,1 + zerr,i
r=1 r=2

SXypi = Z rkSPr,i =SH; +irkspr,i

r=1 r=2

SXy i =D rSQ,; =SQ,; + > r"sQ,;
r=1 r=2

Xk,P,i _ZrkDrl = D1,1+zrkDr|
r=1 r=2

Xk,Q,i :irkDrl = Dl,l+irkDr|
r=1 r=2

(6)

()

(8)

©)

(10)

(11)

(12)

(13)

Where: k: 0th, 1%t, and 2"d moments, i: block number, r: chain length and P and Q: catalyst type.

Moment Equation for Living Chains

Two living polymer chains with length larger than 2 (» > 2) and with a number of blocks greater
than 1 (i > 1) made by catalyst type P (Pri) and made by catalyst type Q (Qr,i) were produced in

the reactor. The population balance for living polymer chain made by catalyst P of block i, Pr., is

expressed by:

dP,

— (K, + K

tH1

d;‘i = kpAlA(Pr—l,i -k )+ kpBlB(PF*Li N P")

(14)

H 2 + kdl + kCSAOISO + kCSAlSXO,P + kCSAISXO,Q )Pr,i + (SF)I‘I + SQr,ifl)kCSAlYO,P
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A slightly different equation is applied for chain length 1, P11:

dR,
dt
—(k

:(kiA1A+kislB)Cl_kpAlpl,lA_kpslpl,lB (15)

+k H 2 + kdl + kCSAOISO + kCSAlsxo,P + kCSAlsxo,Q )pl,l + kCSAl(SP].,l )YO,P

t 41 tH1

The ki moment of living chains made by catalyst type P for block i is given by:

ey _ o 0P ARy & R
PLoN e i T Yk 16
dt ,Z_ll dt  dt ,2_2: dt (16)

Substituting Equations (14) and (15) into Equation (16) and by using Equations (2) to (13) with
simplifying, the 0", 1%, and 2"d moments of living chains made by catalyst type P for block i are

given by the following equations:

dy, .,
Ocl),tp, = (k; yA+k;5,B)C, — (ktm + Ky Ho + Kap + KegaorSo + Kesa (SXo.p )+ Kesa (SXo.0 Wo.r (17)

+ ((SXO,P,i )+ (SXO,Q,ifl))kCSAlYO,P

dy,
%:(kiA1A+kiBlBX:l+(kpAlA+kpBlB 0P, (18)

_( tpr ktHlH 2t kdl + kCSAOlsO + kCSAl(SXo,P )+ kCSAl (SXO,Q ))Yl,P,i + ((le,P,i )+ (le,Q,i—l ))kCSAlYO,P

dYZ,P,i

= (kiA1A+ Ki5,B)C, + (kpA1A+ KoeBAYop,i + 2Y1,P,i) (19)
_( tp1 + ktHlH 2 + kdl + kCSAOlSO + kCSAl(SXO,P )+ kCSAl(SXOYQ ))YZ,P,i + ((SXZ,P,i )+ (SXZ,Q,ifl))kCSAlYO,P

For the moment equations for 1 block made by catalyst P, the dormant term for block i made by
catalyst Q will be omitted, i.e, SXo,q,i-1 =0 in the Equations (17) to (19). For the moment equations
for more than 1 block made by catalyst P, the initiation part will be omitted, ie,
(kiar*A+kig1*B)*C1=0 in the Equations (17) to (19).

To find the moment equations for the overall living polymer chain made by catalyst P, we need to

define a new population balance for Prand P
The population balance for overall living polymer chain made by catalyst P, Pr, is expressed by:

dP
1o =KmAR L —P)+kB(R, —R) (20)

- (kt/fl + I'(tH1H2 + kdl + kCSAOlSO + kCSAISXO,P + kCSAlsxO,Q )Pr + (SlDr + SQr )kCSAlYO,P
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A slightly different equation is applied for chain length 1, Pi:

dR,
dt (k|A1A+klslB)Cl kpAlplA_kpBlplB (21)

(kt/)’l + KinaHz +Kyg +KesnoiSo + kCSAlsxo,P + kCSAlsxo,Q )Pl + kcsm(spl)Yo,P

tH1

The k" moment of overall living polymer chain made by catalyst type P is given by:
dP d S (AP
kP k
— 22
m Z Z T (22)

Substituting Equations (20) and (21) into Equation (22) with simplifying, the 0", 1%t, and 2"
moments of overall living polymer chain made by catalyst type P are given by the following

equations:

Dor (1, At kigB)C, — (ke g +KepsiHoy =Koy + KesnosSo Y (23)
“ar - Kim T Kiga B Jor =K gy T Kepi o T Ky +Kesaor90 o p

dy, -

F (k|A1A+kuslB)C1 ( A+kpBl 0,P (24)

(ktﬁl + ktHlH + k + kCSAOISO + kCSAl(SXO,F’ )+ kCSAl(SXO,Q )yl,P + ((SXI,F’ )+ (le,Q ))kCSAlYO,F’

dy,
% = (kiAlA+ k; BlB)Cl + (kpA1A+ kpBlBXYO,P,i + 2Y1,P) (25)

(ktﬁl + lelH + k + kCSAOlsO + kCSAl (SXO,P )+ kCSAl(SXO,Q ))YZ,P + ((SXZP )+ (SXZ,Q ))<CSA1YO,P
The population balance living polymer chain made by catalyst Q of block i, Qr,i, is expressed by:

eri
dt’ = pA2 (Qr -1, _Qr|)+ kpBZB(Qr -1, _er) (26)

(ktﬂz + Ko Ho + Ky + KesaoSo + KesanSXo p + Kesaz SXo, Qb + (S ia+SQ,; )kCSAZYO.Q

For Qu,1:
dQ
= = (kquA"' knszB)Cz pAZQl,lA_ kpsle,lB (27)
(kt/jz + ktH 2 H 2 + kd 2 + kCSAOZSO + kCSAZSXO,P + kCSAZSXO,Q 1,1 + kCSAZ (SQl,l )YO,Q

The k" moment of living chains made by catalyst type Q for block i is given by:
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dy,

dQ dQ <
le k r,i — 11 28
it Zl 22 (28)
Substituting Equations (26) and (27) into Equation (28) and by using Equations (2) to (13) with
simplifying, the 0", 1%, and 2"d moments of living chains made by catalyst type Q for block i are
given by the following equations:

dy,

(;)’tQ’i = (ki A2A+ kiazB)Cz - (kt/;z + kIH2H2 + kd2 + kCSA02SO + kCSAZ (SXO,P )"' kCSAZ (SXO,Q ))YO,Q,i (29)

+ ((SXO,P,i—1)+ (SXO,Q,i ))kCSAZYO,Q

dY,,
(;f (kIA2A+kiBZBx2 +(kpAZ'A\—i—kpBZB 0,Q,i (30)

- (ktﬁz +KipoHa +Kgo +KesaonSo + Kespo (SXO,P )"‘ Kesao (SXO,Q ))YI,Q,i + ((le,P,i—l)+ (le,Q,i ))kCSAZYO,Q

dY,o;
dz'tQ’ :(kiA2A+kiBZBﬁ2+(kPA2A+kpBZBXYO'Q' +2Y1Q') (31)

(ktﬂz + Ky Ho + Ky +KesanaSo + Kesa (SXO,P )+ Kesaz (SXO,Q) )Yz,Q,i + ((SXZ,P,i—1)+ (sz,Q,i ))kCSAZYO,Q

For the moment equations for 1 block made by catalyst Q, the dormant term for block i made by
catalyst P will be omitted, i.e, SXo,p,i-1 =0 in the Equations (29) to (31). The moment equations for
more than 1 block made by catalyst Q, the initiation part will be omitted, i.e, (Kia2*A+kig2*B)*Co=0
in the Equations (29) to (31).

To find the moment equations for the overall living polymer chain made by catalyst Q, we need to

define a new population balance for Qr and Q1

The population balance for overall living polymer chain made by catalyst Q, Qr, is expressed by:

d
(i pA2 A(Qr -1 Qr )+ kpBZ B(Qr—l - Qr ) (32)
- (kt[)’Z + ktH2H2 + kdz + kCSAOZSO + kCSAZSXO,P + kCSAZSXO,Q br + (SPr + SQr )kCSAZYO,Q
For Q1:
d
Ql - (k|A2A+ knszBﬁ pAZQlA_ kszQlB (33)

(ktﬂz + Ky oHo +Kyo + KesaoaSo + KesazSXo p + KesaaSXo g bl + Kesaz (SQl)YO,Q
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The k™ moment of overall living polymer chain made by catalyst type Q is given by:

Yo - dQ, _dQ & dQ
Sy L=y 34
dt rz_ll dt  dt ; dt 349

Substituting Equations (32) and (33) into Equation (34) with simplifying, the 0", 1%t, and 2

moments of overall living polymer chain made by catalyst type Q are given by the following

equations:
dy,

d(;Q - (ki A+ kiBZB)CZ - (ktﬁz + Ko Ha Ko +KesaoaSo Moo (35)
dy,

1£Q :(kiA2A+kiBZB)CZ+(kpA2A+kpBZB 0.Q (36)

- (ktﬂz + Ko Ho + Ky + KesaoaSo + Kesas (Sxo,P )"‘ Kesaz (SXO,Q ))Yl,Q + ((le,P )"’ (le,o ))kCSAZYO,Q

dv.
dzt’Q = (kiA2A+ kiBZB)CZ + (kpA2A+ Kog2BAYoo + 2Y1,Q) (37)

- (kt/fz +KinoHz +Kyz +KosaoeSo + Kesaz (SXO,P )"' Kesaz (Sxo,o) ){Z,Q + ((sz,P )"' (SXZ,Q ))kCSAZYO,Q

Moment Equation for Dormant Chains

The presence of two catalysts and chain shuttling agent in the system generated two different types
of dormant chains with chain length larger than 2 (» > 2) and with number of blocks greater than
1 (i > 1) made by catalyst type P (SPr,i) and by catalyst type Q (SQr,i). The population balance for
SPr,i is expressed by:

d(sp,,)

Tr’ = (kCSA01SO + kCSAlsxo,P + kCSAlsxo,Q )Pr,i - (kCSAlYO,P + kCSAZYO,Q XSPr,i ) (38)

The k" moment of dormant chains made by catalyst type P for block iis given by:

dSXpi _~~ «dSR; dSR, & (dSK;
PN\ YL L r LI L pk 0t
dt rz_; dt dt rz_; dt (39)

Substituting Equation (38) into Equation (39) and by using Equations (2) to (13), the 0, 1%t, and

2"d moments of dormant chains made by catalyst type P for block i are given by:
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d(SX,p;
(TO'P’I) = (kCSA01SO + kCSAl(SXO,P )"‘ kCSAl(SXo,Q ))YO,P,i - (kCSAlYO,P + kCSAzYo,Q XSXO,PJ ) (40)
d(SX,p.

( dtlyp,I ) - (kCSAmSo + kCSAl(SXo,P )+ kCSAl(SXo,Q ))Yl,P,i - (kCSAlYOVP + kCSAZYO,Q XSXLPJ ) (41)
d(SX,:

( dtz’p’I ) = (kCSA01So + kCSAl(SXO,P )+ kCSAl(SXO,Q ))YZ,P,i - (kCSAlYO,P + kCSAzYo,Q XSXZ,PJ ) (42)

The population balance for SQr,i is expressed by:

d(sQ.,)

dt = (kCSAOZSO + kCSAZSXO,P + kCSAZSXO,Q br,i - (kCSAlYO,P + kCSAZYO,Q XSQ”) (43)

The k' moment of dormant chains made by catalyst type Q for block i is given by:

ds k Q. i K dSQ _ dSQ11 i K dSQ (44)

Substituting Equation (43) into Equation (44) and by using Equations (2) to (13), the 0", 1%, and

2"d moments of dormant chains made by catalyst type Q for block i are given by:

di{SX, 5
(TM = (kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q ))Yo,Q,i - (kCSAlYO,P + kCSAzYo,Q XSXO,Q,i ) (45)
di(SX, 5.
(Tm’l) = (kCSAOZSO + kCSAZ (SXO,P )"‘ kCSAZ (SXO,Q ))YI,Q,i - (kCSAlYo,P + kCSAZYO,Q xsxl,Q,i ) (46)
di{SX, .
(TZQJ = (kCSAOZSO + kCSAZ (SXO,P )"' kCSAZ (SXO,Q ))YZ,Q,i - (kCSAlYO,P + kCSAzYo,Q XSXZ,Q,i ) (47)

The moment equations for the overall dormant polymer chain made by catalyst P, and Q cane be

given by:
d(sx

( dto,p) — (KesnonSo + Kesaa (SXo.p )+ Kesa (SXo.0 Wor — (KesmaYor +KespsYo.o \SXop ) (48)
d(sx

( dtl.P )_ (KesporSo + Kespa (X0 p )+ Kes (SXo.0 WVep — (KesnYor +KesnsYoo ASXop ) (49)
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d(s+t”’) — (Kespo1So + Kesma (SX o p )+ Kesna (SXo 0 )Vap — (KesnaYop + KesasYo.o NSXop ) (50)
d(%tm) — (KesnorSo + Kesas (SXo.p )+ Kespo (SXo.0 Wo.o — (KesmaYo.r + KesaYoo NSXoq) (51)
9] R0 )+ Ko Ko Mo ~ st + o %) 2
I5a0) _ e e )+ ke 850 W~ ketor + KeaYoo NSz )

Moment Equation for Dead Chains

The derivation of population balance and moments equations for dead polymer follows the same

way used for living and dormant chains. The final expressions are shown below.

dX,
dtO' = ( o1t KyinH o + Ky opit (ktﬁZ + Ko Hy + Ky 0,Q.i (54)
dX,,
d—tL = (ktﬁl + ktHlHZ + kdl P T (ktﬂZ + ktH2H2 + kd2 1,Q,i (55)
dX,,
dtzy = ( g1 T K H o + Ky 2pi+ (kt,b‘z + Ky H, + Ky, 2,Q,i (56)

The moment equations for the overall dead polymer chain cane be given by:

dX
d_'[O - (ktﬂl + Ky Hp +Kgy Mo + (kt/z’z + Ky Hy +Ky Nog ®7)
dXx
Cl_t1 - (ktﬂl +KyirHp +Kgy Vo p + (ktﬂz +KyioHo +Kgp Mg 8)
dX
d_'[2 - (ktﬂl +Ky Hy +Kgy Voo + (ktﬁz +kyoHy +Ky Vg 9)

Reactants molar balance:

The molar balance for catalyst active site 1, C;

dC 2\ & 2\ & e &
b= —kinCiA— ki ClA+ ks D D Ptk H, DD P+ ki D D P+ KesanSo L, D P (60)

dt i=1 r=1 i=1 r=1 i=1 r=1 i=1 r=1
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Substituting equations (2) and (13) in equation (60):

dC
d_'[1 - _(kiA1A+ ki BlB)Cl + (ktﬁl +KyarHy +Kgp +KesaorSo )YOP

The molar balance for catalyst active site 2, C>

dc SES SES S SES
dt2 = _kiAZCZA_ kiszczB + ktﬁZZZQr,i + ktHZHZZZQr,i + deZZQr,i +kCSAOZSOZZQr,i

i=1 r=1 i=1 r=1 i=1 r=1 i=1 r=1

Substituting equations (2) and (13) in equation (62):

ﬁ:_(

dt kiA2A+kiszB)C2+(k

w2 t KipoHy + Kyo + KesanaSo Moo

The molar balance for chain shuttling agent, So

ds SRS S
d_t0 N _kCSAO1SOZZ P~ kCSAOZSOZZQS’j

i=l r=1 j=1 s=1

Substituting equations (2) to and (13) in equation (64):

ds
d_to = _(kCSAmYo,P + kCSAozYo,Q )So

The molar balance for monomer A is given by

dA = & = &
E = _kiA:LClA_ kiAZCZA_ kpAlAiZ:;rZ:]; Pr,i - kpAzAiZ:l:rZ:l:Qr,i

Substituting equations (2) to (13) in equation (66):

dA
E - _(kiAlcl +Ki ,Co + kpAlYO,P + kPAZYO'Q )A

The molar balance for monomer B is given by

dB N o~
E = _ki Bj_ClB_kiE.2CZB_ kpBlB;Zl Pr,i - kpszB;ZIQr,i

Substituting equations (2) to (13) in equation (68):

daB _ (K,

dt |31C1 +k Cz + kpBlYo,P + kpBZYO,Q)B

1B2
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(63)

(64)

(65)

(66)

(67)

(68)

(69)



Appendix 6-A
The following expression gives the k™ moment for living, dormant, and dead chains of a generic
distribution f(r,i):

Hei =

SrE(ri) 1)

We adopted the following nomenclature for the moments:

1.

Ykp and Yo are the k' moments of the living chains growing in catalyst P and Q,
respectively.

SXk.p and SXkq are the k'"moments of dormant chains for which catalyst P and Q made the
last block, respectively.

Xi,pand Xkqare the k"moments of dead chains for which catalyst P and Q made the last
block, respectively.

Ykp,iand Yiq,are the k" moments of living chains growing in catalyst P and Q having i
blocks, respectively.

SXk.p,iand SXko,iare the k™ moments of dormant chains having i blocks for which catalyst
P and Q made the last block, respectively.

Xk.p,iand Xk,q,i are the k" moments of dead chains having i blocks for which catalyst P and

Q made the last block, respectively.

These moments are defined using the following equations,

Yk,P =

iirkYk,P.i @)

=1 r=1

Yk,Q :iirkYk,Q,i 3)

i=1 r=1
SXyp =D D r"SX, o, 4)
i=1l r=1
SXio0 =2, "X, 0. (5)
i=1 r=1
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Yk,Q,i = Z err,i = Q1,1 + zerr,i
r=1 r=2

SXypi = Z rkSPr,i =SH; +irkspr,i

r=1 r=2

SXy i =D rSQ,; =SQ,; + > r"sQ,;
r=1 r=2

Xk,P,i _ZrkDrl = D1,1+zrkDr|
r=1 r=2

Xk,Q,i :irkDrl = Dl,l+irkDr|
r=1 r=2

(6)

()

(8)

©)

(10)

(11)

(12)

(13)

Where: k: 0th, 1%t, and 2"d moments, i: block number, r: chain length and P and Q: catalyst type.

Moment Equation for Living Chains

Two living polymer chains with length larger than 2 (» > 2) and with a number of blocks greater
than 1 (i > 1) made by catalyst type P (Pri) and made by catalyst type Q (Qr,i) were produced in

the reactor. The population balance for living polymer chain made by catalyst P of block i, Pr., is

expressed by:

dpR,

— (ke + K

tH1

d;’i = kpAlA(Prfl,i - PR )+ kpBlB(Pffl’i N Pr’i)

H2 + kdl + kCSAOlSO + kCSAlsxo,P + kCSAlSXO,Q + S)Pr,i + (SPr,i + SQr,i—l)kCSAlYO,P

(14)
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A slightly different equation is applied for chain length 1, P11:

dR,
d:l - (ki amA+ K BlB)Cl - kDAlPl,lA_ kpBlPlle (15)

(k

+KeaHz +Kap + KesaorSo + kCSAISXO,P + kCSAlsxo,Q + S)Pl,l + kCSAl(SP:L,l)YO,P

t g1 tH1

The ki moment of living chains made by catalyst type P for block i is given by:

ey _ o 0P ARy & R
PLoN e i T Yk 16
dt ,Z_ll dt  dt ,2_2: dt (16)

Substituting Equations (14) and (15) into Equation (12) and by using Equations (2) to (13) with
simplifying, the 0", 1%, and 2"d moments of living chains made by catalyst type P for block i are
given by the following equations:

dy, .,
% = (ki A1A+ ki BlB)Cl - (kt/ﬂ + ktHlH 2+ kdl + kc5A01So + kCSAl(SXO,P )"' kCSAl(SXO,Q )"‘ S)YO,P,i

+ ((SXO,P,i )+ (SXO,Q,i—l) csa¥o,p

A7)
dy, .,
C}'P’I = (kiA1A+ Kie:B)C, + (kpAlA+ Koe1B Mo
t
- (ktﬂl + Ky Ho + Ky + KesaonSo + kCSAl(SXO,P )+ kcsm(sxo,Q )+ SNipi + ((le,P,i )+ (le,Q,i—l ))kCSAlYO,P
(18)
dy, ..
% = (K, A+ K, B)C, + (Ko A+ K BXYo o +2Y,5,) (19)
- (kt[ﬂ + K Ho + Ky +Kesao So + kCSAl(SXO,P )+ kcsm(sxo,o )+ S)YZ,P,i + ((sz,P,i )+ (SXZ,Q,i—l))kCSAlYO,P
Solve Equations (17) to (19) at steady state:
v - (kiA1A+ ki BlB)Cl + ((SXO,P,i )"‘ (SXO,Q,i—l ))kCSAlYO,P (20)
e (ktﬂl + ktHlHZ + kdl + kCSAOISO + kCSAl(SXO,P )+ kCSAl(SXO,Q)+ S)
= (kIAlA+ kiBlBﬁl + (k PA1A+ kpBlB 0,P,i + ((le,P,i )+ (le,Q,ifl))(CSAlYO,P (21)
e (ktﬂl + ktHlH 2 + kdl + kCSAOlsO + kCSAl(SXO,P )+ kCSAl(SXO.Q )+ S)
Y. = (kiA1A+ kiB;LB)Cl + (kpA1A+ kpBlBXYO,P,i +2Yp; )"‘ ((sz.P,i )"‘ (SX 2,Q,i—l)}(CSAlYO.P (22)
2,Pi —

(e g + Ko Ho + Ky + KesannSo + Kesa (SX o0 )+ Kesn (SXo.0 )+ 5)
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For the moment equations for 1 block made by catalyst P, the dormant term for block i made by
catalyst Q will be omitted, i.e, SXo,q,i-1 =0 in the Equations (17) to (22). For the moment equations
for more than 1 block made by catalyst P, the initiation part will be omitted, ie,
(kiar*A+kig1*B)*C1=0 in the Equations (17) to (22).

To find the moment equations for the overall living polymer chain made by catalyst P, we need to

define a new population balance for Prand Py

The population balance for overall living polymer chain made by catalyst P, Pr, is expressed by:

dP,
dtr = kpAlA(Pr—l - |Dr )+ kpBlB(F)r—l - Pr)
- (ktﬂl + ktHlH 2 + kdl + kCSAOlsO + kCSAlsxo,P + kCSAlsxo,Q + S)F)r + (SF)', + SQr )kCSAlYO.P
(23)
A slightly different equation is applied for chain length 1, P1:
dR,
dtl :(kiAlA+kislB)Cl_kpAlplA_kpslplB (24)
- (ktﬁl + ktHlH 2 + kdl + kCSAOISO + kCSAISXO,P + kCSAISXO,Q + S)F)l + kCSAl(SF?L)YO,P
The k™" moment of overall living polymer chain made by catalyst type P is given by:
dY,» & ,dP dP & ,dP
dt ; dt dt ; dt (25)

Substituting Equations (23) and (24) into Equation (25) with simplifying, the Oth, 1%, and 2
moments of owverall living polymer chain made by catalyst type P are given by the following

equations:
dy,

d(;P = (ki A+ ki, B)C, — (ktﬁl + Ky Ho + Koy + KeosaorSo +5 Mop (26)
dy,

ﬁ = (kiA1A+ ki BlB)Cl + (kpA1A+ kpBlB o,P
- (ktm + K Ho +Kgy + KesaoiSo + kCSAl(SXO,P )"‘ kcsm(sxo,q )"‘ SNip + ((SXI,P )+ (le,Q ))kCSAlYO,P

(27)
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dy.
dzt‘P:(ki A+kIBlBk:l (kpA1A+kDBlBXY0P'+2Y1P) (28)

- (ktﬁl + ktHlH + kdl + kCSAOlS + kCSAl(SXO P )+ kCSAl(SXO Q + S)Yz P SXZ P ) (SXZ,Q ))<CSA1YO,P

Solve Equations (26) to (28) at steady state:

Y. - (k,  A+k; 5, B)C, 29)
(ktﬁl + Ky Ho +Kgp + KesaoiSo + s)
v = (ki A+ Kig;B)C, +(kpA1A+kpslB)Yo,P +((SXy0 )+ (SX 10 MKesaYor (30)
o (ktﬂl + ktHlH 2 + kdl + kCSAOlsO + kCSAl(SXO.P )+ kCSAl(SXO,Q )+ S)
Y. — (kiA1A+ K; BlB)Cl +(kpA1A+kpBleYO,P,i +2Y1,P)+((SX2,P)+ (SXZ,Q ))kCSAlYO,P (31)
2P (k[/j’l + kt HJ_H 2 + kdl + kCSAOlsO + kCSAl(SXO,F' )+ kCSAl(SXO,Q )+ S)

The population balance living polymer chain made by catalyst Q of block i, Qr,i, is expressed by:

d A

Str’l = pAZA(Q —1|_Qr|)+kpBZB(Q —1|_Qr|)
- (kt/xz + ktHZH + kd2 + kCSAOZS + kCSAZSXO pt kCSAZSXOQ +S )Q + (S r i+ SQr,i )kCSAzYo,Q

(32)

For Q1,1
dQ

dtll (ku A2A+ kn BzB)Cz pAle,lA_ kszQl,lB (33)
- (kt/)’z + ktH 2 H 2 + kdz + kCSAOZSO + kCSAZSXO,P + kCSAZSXO,Q + Sbl,l + kCSAZ (SQl,l )YO,Q
The k' moment of living chains made by catalyst type Q for block i is given by:

© d d ©
le z Qr|: Q11 Z (34)

r=1 =2

Substituting Equations (32) and (33) into Equation (34) and by using Equations (2) to (13) with
simplifying, the Ot", 1%, and 2"d moments of living chains made by catalyst type Q for block i are
given by the following equations:
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dY, ..
% = (kiA2A+ ki B2 B)Cz - (ktﬂz + lez H 2t kdz + kCSAOZSO + kCSAz (SXO,P )+ kCSAz (SXO,Q )+ S 0,Q,i

+ ((SXO,P,i—1)+ (SXO,Q,i ))kCSAZYO,Q

(35)
dY, o,
dl:tQ’ z(kiAZA—FkiBZBﬁZ +(kpA2A+kPBZB 0,Q,i
- (ktﬁ2 + k'( H2 H 2 + kd2 + kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q )+ S 10, + ((le,P,i—l)+ (le,Q,i ))kCSAZYO,Q
(36)
dy, .,
dzl[Q' = (kiA2A+ kiszB)Cz + (kpA2A+ kpBZBXYO,Q,i + 2Y1,Q,i)
- (ktﬂz + Ko Ha +Kao +KespooSo + Kesao (SXO,P )+ Kesaz (SXO,Q )+ S )YZ,Q,i + ((SXZ,PH)+ (SXZ,Q,i ))kCSAZYO,Q
@37)
Solve Equations (35) to (37) at steady state:
Y — (kl A2 A+ ki B2 BKZ + ((SXO,P,i—l)+ (SXO,Q,i ))(CSAZYO,Q (38)
ot (ktﬂz + k[H2 H 2 + kd2 + kCSAOZSO + kCSAZ (SXO.P )+ kCSAZ (SXO.Q )+ S)
3 (ki sy A+ ki, B)C, + (K oz At Kp B)YO,Q,i + ((le,P,i—l)"' (le,o,i »kc5A2Yo,Q
Qi = (39)
- (ktﬂz + ktH2 HZ + de + kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q )+ S)
(ki At kig,B)C, + (K A+ K g, BNYo 01 + 200 )+ ((SX 010 )+ (SX 01 KesnaYoo
YVooi = (40)
- (klﬂZ + ktHZ H 2 + de + kCSAOZSO + kCSA2 (SXO,P )+ kCSA2 (SXO,Q )+ S )

For the moment equations for 1 block made by catalyst Q, the dormant term for block i made by
catalyst P will be omitted, i.e, SXo,p,i-1 =0 in the Equations (35) to (40). The moment equations for
more than 1 block made by catalyst Q, the initiation part will be omitted, i.e, (Kia2*A+kig2*B)*C2=0
in the Equations (35) to (40).

To find the moment equations for the overall living polymer chain made by catalyst Q, we need to

define a new population balance for Qr and Q1

The population balance for overall living polymer chain made by catalyst Q, Qr, is expressed by:
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dQ,

= kpAZ A(Qr—l - Qr )+ I(pBZ B(Qr—l - Qr)

dt
- (ktﬂZ + I(tH2H2 + kd2 + kCSAOZSO + kCSAZSXO,P + kCSAZSXO,Q + Sbr + (Sljr + SQr )kCSAZYO.Q
(41)
For Qu:
d
;% =(kiA2A+kiBZB)C2 _kpAZQlA_kpBZQlB (42)
- (ktﬁz + ktHz H 2t kd2 + kCSAOZSO + kCSAZSXO,P + kCSAZSxO,Q + Sb1 + kCSAZ (SQ1 )YO,Q
The k' moment of overall living polymer chain made by catalyst type Q is given by:
dy, = d d & d
k,Q :Zrk Qr — Ql+zrk Qr (43)

dt = dt dt = dt

Substituting Equations (41) and (42) into Equation (43) with simplifying, the 0", 1%t, and 2"
moments of overall living polymer chain made by catalyst type Q are given by the following

equations:
dy,
dot’Q - (ki A2A+ kiBzB)Cz _(ktp’z + ktHZHZ + kd2 + kCSAOZSO TS oq (44)
dy,
%:(kiA2A+kiszB)c2 +(kpA2A+kPBZB 0.Q (45)

- (k[/32 + ktH 2 H 2t kd2 + kCSAOZSO + kCSAZ (SXO,P )"‘ kCSAZ (SXO,Q )+ S 10 T ((le,P )+ (le,o ))kCSAzYo,Q

dy,

T = (ki A2A+ ki B2 B)Cz + (k pA2A+ kpBZ BXYO,Q + 2Y1,Q ) (46)
- (kt/i‘2 +KenoHo +Kaz +KesnozSo + Kesaz (SXO,P )+ Kesaz (SXO,Q )+ S ){2,Q + ((sz,P )+ (sz,o ))kCSAZYO,Q

Solve Equations (44) to (46) at steady state:

— (kiAzA"' kiBZB)Cz
Yoo = 47
(ktﬂz +KiyoHy Ky +KeganSo +5)

— (kl A2 A+ ki B2 BXZZ + (k pA2 A+ k pB2 ByO,Q + ((SXIP )+ (le,Q ))kCSAZYO,Q (48)
He (ktﬂZ + k H 2 + kd2 + kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q )+ S)

tH2
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_ (Kipo A+ Kig,B)C, + (k pa2 A+ Kpgo BxYo,Q +2Y19 )"‘ ((SXZ,P )"‘ (SXZ,Q ))kCSAZYO,Q (49)

Y, =
2Q (klﬂz + k H 2 + kd2 + kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXD.Q )+ S )

tH2

Moment Equation for Dormant Chains

The presence of two catalysts and chain shuttling agent in the system generated two different types
of dormant chains with chain length larger than 2 (» > 2) and with number of blocks greater than
1 (i > 1) made by catalyst type P (SPr,i) and by catalyst type Q (SQr,i). The population balance for
SPr,i is expressed by:

d(sp,)

dt = (kCSA01SO + kCSAlsxo,P + kcsmSXO,Q )Pr,i - (kCSAlYO,P + kCSAZYO,Q + SXS Pr,i) (50)

The k' moment of dormant chains made by catalyst type P for block iis given by:

dSX,p; <& (OSR, dSR, & , dSR,
Sl =3r == =+ > r ' 51

dt ; dt dt ; dt 1)
Substituting Equation (50) into Equation (51) and by using Equations (2) to (13), the 0, 1%t, and

2"d moments of dormant chains made by catalyst type P for block i are given by:

diSX,p;
(TO'P'I) = (kCSA01SO + K (SXop )+ kcsm(sxo,q ))YO,P,i - (kCSAlYo,P +Kesaz Yoo + S)(SXo,p,i ) 62
d(SX,p;

( dtl’P’I ) = (kCSAOlSO +Keop (SXop )+ kCSAl(SXO,Q ))Yl,P,i - (kCSAlYo,P +KesazYoo + SXSXLPJ ) (53)
d(SX, ..
—( dtz,P,u ) = (kCSA01SO +Kesm (SXO,P )+ kcsAl(SXO,Q ))YZ,P,i - (kCSAlYO,P +Kesao Yoo + SXSXZ,PJ ) (54)

Solve Equations (52) to (54) at steady state:

(SX _): (kCSA01SO + kCSAl(SXO,P )+ kcsm(SXO,Q) . -
B (kCSAlYO,P + kCSAZYo,Q + S)
(SXl,P,i ): (chA01So + kCSAl(SXO,P )+ kcsm(sxo,Q ))Yl,P,i 56

(kCSAlYO,P + kCSAzYo,Q + S)
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(kCSA01SO + kCSAl(SxO,P )+ kCSAl(SXO,Q ))YZ.P,i (57)
(kCSAlYO,P + kCSA2YO,Q + S)

(SXZ,P,i ) =

The population balance for SQr.iis expressed by:

d(sQ,;)

dt = (kCSAOZSO +KesnaSXop +KesazSXo g br,i - (kCSAlYO,P +Kesar Yoo + SXSQr,i ) (58)

The k' moment of dormant chains made by catalyst type Q for block i is given by:

ASX, 0 & . dSQ,, dSQ, <& ,dSQ,,
5 Al — r r,i — ) r r,i (59)
dt Z:;‘ dt dt +; dt

Substituting Equation (58) into Equation (59) and by using Equations (2) to (13), the 0, 1%t, and

2"d moments of dormant chains made by catalyst type Q for block i are given by:

d(SX,.;
(Tw = (kCSAOZSO + kCSAZ (SXO,P )"’ kCSAZ (SXO,Q ))YO,Q,i - (kCSAlYO,P + kCSAzYo,Q +S XSXO,Q,i ) (60)
d(SX,,;
(TLQJ) = (kCSAOZSO + kCSAZ (SXO,P )"‘ kCSAZ (SXO,Q ))Yl,Q,i - (kCSAlYo,P + kCSAzYo,Q + SXSXLQ,i ) (61)
d(SX, ..
(TZ’Q'I) = (kCSAOZSO + kCSAZ (SXO,P )"' kCSAz (SXO,Q ))YZ,Q,i - (kCSAlYo,P + kCSAzYo,Q + SXSXZ,Q,i ) (62)

Solve Equations (60) to (62) at steady state:

(SX '): (kCSAOZSO + Kesna (SXO’P )+ Kesao (SXO,Q »YO,Q,i (63)
o (kCSAlYO,P +KesnaYoq S )
 KesnoaSo + Kesno (SX o p )+ Kesao \SXo o Nigi
(5,0 )= (KesponSo + Kosa (SX o )+ Kespa (SX o0 )V o
1Qi (kCSAlYO,P +Kesaa Yoo + s)
(SXZ,Q,i): (kCSAOZSQ + Kespo (SXO,P)"' Kesaz (SXO’Q »YZ,Q,i -

(kCSAlYO,P + kCSAZYO,Q + S)

The moment equations for the overall dormant polymer chain made by catalyst P, and Q cane be

given by:
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= (kCSAOlSO + kCSAl (SXO,P )+ kCSAl (SXO,Q ))YO,P - (kCSAlYO,P + kCSAZYO,Q + SXSXO,P )

dt
d(iiLP):(kmNMso+kC%AstP)+k%M(SXQQ»ﬂP—(kmmYQp+kCM;%Q-+SXSXLP)
d(S;(tz,p )_ (KesporSo + Kespa (S0 )+ Kesp (SX 0.0 Wap = (KesnaYor +Kesa Yoo +SNSX5p )
d(S:tO'Q )_ (KesaonSo + Kesna (SXo.0 )+ Kesna (SX 0.0 Woo = (kesmYor +KesnaYoo +5 SXog)
d (S;im )_ (kesnceSo + Kesna (SX 0,0 )+ Kosna (SX0.0 Wag = (KesuYor +KosnaYog +SNSX 1)
d (S;(t 20) (KesnozSo +Kesne (SX o )+ Kesnz (SX 00 Wag = (KesaYor +KesneYoo +3)SX20)

Solve Equations (66) to (71) at steady state:

(kCSA01SO + kCSAl (SXO,Q ) 0,P
(kCSAZYO,Q + S)

(SXO,P)=

(kCSA01SO + kCSAl(SXO,P )+ kCSAl(SXO,Q )){l,P
(kCSAlYO,P + kCSAZYO,Q + S)

(le,P):

(kCSA01SO + kCSAl (SXO,P )+ kCSAl (SXO,Q ))YZ,P
(kCSAlYO,P + kCSAZYO,Q + S)

(SXZ,P):

(kCSAOZSO + kCSAZ (SXOP) 0,Q
(kCSAlYO,P +S )

(SXO,Q ) -

(kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q ))Yl,Q
(kCSAlYO,P + kCSAZYO,Q + S)

(SXI,Q ):

(kCSAOZSO + kCSAZ (SXO,P )+ kCSAZ (SXO,Q ))YZ,Q
(kCSAlYO,P + kCSAZYO,Q + S)

(sz,Q):
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(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)



Moment Equation for Dead Chains

The derivation of population balance and moments equations for dead polymer follows the same

way used for living and dormant chains. The final expressions are shown below.

dX,;

dt0' = (ktﬂl + ktHlHZ + kdl opi T (ktﬁ’Z + ktH2H2 + kd2 0,Q,i SXo,i
dX,,

o= g kuaH kg Moo+ (i +kinoH Ko Mgy = 5%,
dX,,

dtz :( tB1 + ktHlHZ + kdl 2pi T (ktﬁz + ktH2H2 + kdz 2.Q.i sz,i

The moment equations for the overall dead polymer chain cane be given by:

dX
d_'[0 :(ktﬂl + Ky Ho + Ky NVop +(ktﬂ2 *KiuoHo 4K Moo =X,
dXx
_dtl = (ktﬁl + Ky Hy + Ky Nip + (ktﬂZ Ko Ho +Kgp Mig =X,
dX

dt2 = (ktﬂl +ktH1H2 +kdl 2.p +(ktﬂ2 +ktH2H2 + kd2 2,Q —sX,

Solve Equations (78) to (83) at steady state:

( w1 T ktHlHZ + kdl opi T (ktﬁz + ktH2H2 + kdz 0,Q.i

XO,i = s

X, = ( w1+ lelHZ + kdl e T (sz + ktH2H2 + kd2 1.Q,i
1,i S

X _ (ktﬂl + ktHlHZ + kdl 2pi T (kt[)’z + ktH2H2 + kd2 2.Q,i
0 =

il S

(kt/ﬂ + Ky Hy + kdl)YO,P +(kt/}2 + Ky Hy + de)YO,Q
S

0

( w1t KinaHo + Ky Voo +(ktﬁ2 +KiwaHy + Ko Nio
S

1
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(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)



(kt/i‘l + K H, + kdl)YZ,P +(ktﬁ‘2 +KnoH, +kd2)YZ,Q
S

2

Reactants molar balance:

The molar balance for catalyst active site 1, C;

dC,
dt
The molar balance for catalyst active site 2, C>

= _(kiA1A+ Kig,B + S)Cl + (ktﬁl + K Hz + Ky + KesporSo Nop + Clin

dC,
dt (
The molar balance for chain shuttling agent, So

k.

1A2

A+kig,B+ S)Cz + (ktﬁZ + Ko Hy +Kyy + KespnSo 0o T C;n

ds in
d_to = _(kCSAmYO,P + kCSAozYo,Q + S)So + So

The molar balance for monomer A is given by

dA in
9y iTop Koo +JAS A

The molar balance for monomer B is given by

dB
zﬁ-=-{kuncl+-k

Solve Equations (90) to (92) at steady state:

C, + Ky Yop +KpgoYoo + s)B+B"

iB2

_ (kt,b’l + Ky Hy + Ky +KegannSo Mop + C1in
! (k yA+k 5, B+5)

(ktﬂz +KyaHy +Kyp +KespnnSo 0.0 +C£n
(k; , A+ k5, B+5)

1A2

C, =

Sy = 59
’ (kCSAOIYO,P + kCSAOZYO,Q + S)
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(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

97)



