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Abstract

Metathesis polymerization using highly active, functional-group-tolerant catalysts
is a powerful and versatile method for polymer synthesis. This thesis focuses on the
preparation of a variety of advanced polymer architectures using well-defined ruthenium-
based metathesis catalysts and the study of materials properties dictated by those unique
macromolecular structures.

Chapter 1 introduces olefin metathesis, metathesis polymerization, and recent
developments in living/controlled polymerization and polymer functionalization. The
goal is to provide a summary of the current toolbox of polymer chemists. The second part
of Chapter 1 describes using these tools to synthesize different macromolecular
architectures.

Chapters 2 and 3 describe ring-expansion metathesis polymerization (REMP)
using cyclic catalysts. Chapter 2 focuses on catalyst development, while Chapter 3
focuses on the REMP mechanism and cyclic polymer characterization.

Chapters 4 and 5 focus on brush polymers. Chapter 4 describes the syntheses of
linear and cyclic brush polymers using ring-opening metathesis polymerization (ROMP)
and REMP of macromonomers (MMs), respectively. Chapter 5 describes the efficient
synthesis of brush copolymers and the study of their melt state self-assembly into highly
ordered nanostructures.

Chapter 6 describes the synthesis and electro-optic response of well-defined liquid

crystalline (LC) gels that were made from controlled end-linking of telechelic LC
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polymers. These gels possessed very fast, reversible electro-optic switching; the degree

of response was closely related to network structure.

Table of Contents
ACKNOWICAZEIMENLS. .....ccuiiiieiiieciie et e e e e et eeesaeesnseeenseeennneas v
AADSTTACT. ...ttt et ettt e b e et b e e at e e bt e sateenbeeeaeeenees viil
Table OF CONLENLS. .....coeiiiiiiiieie ettt et sttt et e e e saeeas 1X
LSt OF SCREMES....c.eeitieiiieieee ettt ettt Xii
LSt OF FIGUIS.....eieiiieiiiciiecie ettt ettt ettt e et eeabeesbeeesbeensaeenseenseessseennes Xiv
Chapter L1: INtrOQUCTION.........c.oiiieiieeeeie ettt et eve e e eve e ens 1
O1efin MEtathesis. . ...eoueevirieriieieiiestteie ettt 2
Ring-Opening Metathesis Polymerization (ROMP).........ccccociniininiiniininicneene. 4
Expansion of Polymer Chemistry TOOIDOX........cccccveiviiriiniininiiniciecieniencecen 7
Control of Polymer Architectures. ........cccceviieeiiieeiiieeieece e e 11
Thesis ReSearch........ ... 21
RETRIENICES. ...ttt 23

Chapter 2: Cyclic Ruthenium-Alkylidene Catalysts for Ring-Expansion Metathesis

POIYMENIZALION........ocviiiieieeieeeeeee et 26
00 0o DTt T ) o FRN TR 28
RESUILS ANA DISCUSSION. ... e e e e e e e e e e e e e e aneaans 32

COMCIUSIONS. ...ttt ettt e e eeeeeeeeeaeeeeeeeeeeeeeeeeeneeeeeeeennneeeneennes 42



X

Experimental SECtION. . ......cceeviiiiiiiiiiieiieee et 43
RETRIENICES. ...ttt ettt ettt ebeeeebeenees 50

Chapter 3: Ring-Expansion Metathesis Polymerization: Catalyst Dependent

Polymerization Profiles..............ccoooii i 53
INErOAUCTION. ..ottt et e et e et e e e b e e s beeesaseeessbaeenneeas 55
Results and DiSCUSSION. ......cc.ueieiuiiiiiiieciie e e e e eae e e 60
CONCIUSIONS. ..ttt ettt ettt et e ettt e et e e nbeeeabeeneee 80
Experimental SeCtION.........ccociiiiiiieiiie et e 81
RETEIENICES. ...ttt 85

Chapter 4: Efficient Syntheses of Linear and Cyclic Brush Polymers via Ring-

Opening Metathesis Polymerization of Macromonomers...................... 87
INErOAUCTION. ... 89
Results and DiSCUSSION. .......couiiiiriirieierieriteieeee ettt 93
CONCIUSIONS. ...ttt ettt sttt et sbe e bt et set e bt et e st enae e 107
Experimental SECtION. .......ccceevuiiiiiiiiiiienieetee s 107
RETETEINCES. ... uiiiiiiieiee ettt s e e saaeeenabeeennaas 112

Chapter 5: Efficient Synthesis of Narrowly Dispersed Brush Copolymers and Study

Of Their ASSEMDIY. .. ..o 115
TEEOAUCTION. e e e e e e e e e e e e e e e eereaeeaeaaans 117
RESUILS aNd DISCUSSION. ..ottt ee et e e e e et eeeeeeeeeeeeraaaeeaeaees 121

COMNCIUSIONS. ..ttt ettt e ettt e e e e e e e e e et eeeseeeeereeanaaaseeeeereeannnanns 141



xi

Experimental SECtION. .......cooiiiiiieiiiierieeeeteee s 143

RETETEIICES. ..t e e e e e e e e e e e e e e e e e e e e e e e e e e naeennan 146

Chapter 6: Well-Defined Liquid Crystal Gels from Telechelic Polymers via Ring-

Opening Metathesis Polymerization and “Click” Chemistry.............149

INETOAUCTION. ...ttt e et e e e e e tae e s abeeesabeeesaseeesnnas 151
Results and DiSCUSSION. ........couuiiiiiiiiiiiieiiceie e 153
CONCIUSIONS. ...ttt ettt ettt st e bt e et e nbeeeabeenaeeeas 166
Experimental SeCtiON.........ccociiiiiiiieiie e 167
RETEIENCES. ...t 172
Appendix 1: GPC Characterization of Cyclic Polymers...........cccccovevieieeiennenen. 175

Appendix 2: Hydrogenation of Polyalkenamers...........ccccoovvevieviivieniececieeen, 183



Xii

List of Schemes

Chapter 2: Cyclic Ruthenium-Alkylidene Catalysts for Ring-Expansion Metathesis

Polymerization

Scheme 1 Proposed REMP catalytic cycle.............ccoooeeiieniiieiiienieeieee 30
Scheme 2 Synthesis of cyclic REMP catalysts UC-4 — UC-7..........cc........ 32
Scheme 3 Synthesis of “saturated” catalysts SC-5 and SC-6.............c........ 34
Scheme 4 Proposed species observable upon ROMP of COE using open

catalysts pre-UC-5—pre-UC-7........coooiiiiiiiiiiiiiiin 38
Scheme 5 Equilibration of cyclic catalyst and linear PCOE.................... 42

Chapter 4: Efficient Syntheses of Linear and Cyclic Brush Polymers via Ring-

Opening Metathesis Polymerization of Macromonomers

Scheme 1 Ru-based metathesis catalysts..............coooviiiiiiiiiiiiinn... 93
Scheme 2 Synthesis of monomer4.............ocooiiiiiiiiiiiiiiia 94
Scheme 3 Synthesis 0f MacCroMONOMETS. ..........vvvveiitiiiiiiiiiiiiiaenn, 95

Scheme 4 Synthesis of polymacromonomer from w-norbornenyl MM......100



Xiii

Chapter 5: Efficient Synthesis of Narrowly Dispersed Brush Copolymers and Study
of Their Assembly

Scheme 1 Synthesis 0f MacromoONOMers. ..........ouvveevvienieiinnianiiinnnn. 122

Chapter 6: Well-Defined Liquid Crystal Gels from Telechelic Polymers via Ring-

Opening Metathesis Polymerization and “Click” Chemistry

Scheme 1 Synthesis of monomers 1 and 2...............ooooiiiiiiiiiiin 154
Scheme 2 ROMP of functionalized cyclooctene monomers................... 155
Scheme 3 Cross-linking of  telechelic polymers by “click”

CheMISITY . ..ot 156

Appendix 2: Hydrogenation of Polyalkenamers

Scheme 1 Noncatalytic (top) and catalytic (bottom) hydrogenation of



X1V

List of Figures

Chapter 1: Introduction

Figure 1 General mechanism of olefin metathesis............cccoeceeiienieeneen. . 2
Figure 2 Representative ruthenium-based olefin metathesis catalysts........... 3
Figure 3 Representative cyclic olefin monomers used in ROMP................. 4
Figure 4 Secondary metathesis reations...........c.oovviuiiiiiiiniiiieiiinnennn. 5
Figure 5 Generic mechanism of chain-transfer in ROMP to generate

telechelic polymers............ocoviiiiiiiii e 0
Figure 6 Generic mechanism of controlled radical polymerizations: ATRP,

NMRP, and RAFT.......ooooieieeeee e 9
Figure 7 Representative polymer architectures...............cccceceeecveeneneennn 111
Figure 8 Synthesis of cyclic polymers via cyclization of telechelic

POLYIMETS. ...ttt et sebe et eeeae e e e 13

Figure 9 Synthesis of cyclic poly(methylene) from cyclic boranes............. 16



Figure 10

Figure 11

Figure 12

Figure 13

XV

Synthesis of cyclic polycaprolactone block copolymers from a
cyclic tin alkoxide initiator and photo-crosslinking to stabilize the
CYCHIC SIIUCTUT®. ...cutieiiieiiecie ettt et 16

Proposed  mechanism  for  NHC-mediated  zwitterionic

polymerization of lactide..........cccooveeiiiiiiiiiiie e 17
Synthetic approaches toward star polymers................cccceeeeee. . 19
Synthetic approaches toward brush polymers..........cccccooeeeerciennce. 21

Chapter 2: Cyclic Ruthenium-Alkylidene Catalysts for Ring-Expansion Metathesis

Polymerization

Figure 1

Figure 2

Figure 3

Figure 4

Chapter 3:

Representative Ru-based metathesis catalysts...........cccccceeerneenne 28
Cyclic Ru-alkylidene metathesis catalysts............................ 29
X-ray crystal structures and "H NMR spectra (C¢Ds) of alkylidene
proton of SC-5, UC-6,and SC-6.............ccooiiiiiiiiiiiiin. 37

Conversion of COE to PCOE using pre-UC-5....................... 40

Ring-Expansion Metathesis Polymerization: Catalyst Dependent

Polymerization Profiles

Figure 1
Figure 2

Figure 3

Olefin metathesis catalyst 1 and cyclic REMP catalysts............... 57
Key mechanistic steps involved in REMP............ccccooviiiiniinnnnnn. 58
Depiction of reversible polymer “pinching” via intramolecular
chain transfer and “fusion” via intermolecular chain

1582715 L) S 1



XVvi

Figure 4 REMP of COE using catalysts UC-4, UC-5, SC-5, UC-6, SC6,
ANA UC-T it 62
Figure 5 Log plots for REMP of COE using catalysts UC-4, UC-5, SC-5,
UC-6,SC-6,and UC-7.......c.coiiiiiiiiiii i 64
Figure 6 Weight-average molecular weight vs. monomer conversion for the

polymerization of COE using catalysts UC-6, UC-5, and SC-

TP 66
Figure 7 Equilibration of molecular weight of PCOE after 100% monomer

COMVETSION . ...ttt ettt ettt et ettt et et ettt e neeeeaens 68
Figure 8 Molecular weight equilibrium of PCOE............................. 69
Figure 9 GPC traces of REMP of CDT using SC-5 at different conversions

and molecular weight vs. monomer conversion for REMP of CDT

USING SC-5. . 72
Figure 10 Melt-state '*C NMR spectra of linear PCOE.......................... 78
Figure 11 Synthesis of cyclic and linear poly(5-acetoxy-cyclooctene)....... 79
Figure 12 MALDI-TOF mass spectra of cyclic and linear poly(5-acetoxy-
CYClOOCENE). ..ot 80

Chapter 4: Efficient Syntheses of Linear and Cyclic Brush Polymers via Ring-
Opening Metathesis Polymerization of Macromonomers

Figure 1 "H NMR spectra of end group transformations...................... 96



XVvii
Figure 2 (A) Evolution of GPC traces during ROMP of NB(P/BA)4.7k; (B)

Dependence of M, and PDI on MM conversion, and (C)

dependence of In([M]o/[M];) on time..........ccoovivniiniinninnnnnnn 99
Figure 3 GPC traces of macromonomer and crude brush polymers .........99
Figure 4 Tapping mode AFM images of brush polymer PNB-g-
P 104
Figure 5 Tapping mode AFM images of cyclic brush polymers............ 106

Chapter 5: Efficient Synthesis of Narrowly Dispersed Brush Copolymers and Study

of Their Assembly

Figure 1 Schematic illustration of the synthesis of brush copolymers......121
Figure 2 Dependence of In([MM]y/[MM];) on time for ROMP of MMs and

dependence of Mn,GPC and PDI on conversion................... 125
Figure 3 Representative GPC RI traces of the first block brush

homopolymer and the brush diblock copolymer without any

PUITTICATION. ...t eiiie ettt e e e 127
Figure 4 SAXS curves for brush random copolymers..................... 132
Figure 5 Inverse intensity of peak heights in the vicinity of the order-
disorder transition for brush random copolymers .................. 133
Figure 6 Proposed assembly of symmetric brush random copolymer and
block copolymer..........ooviiiiiii i, 134
Figure 7 AFM height images of brush random copolymer thin films on

silicon wafer and their cross-sectional analysis..................... 135



xviii

Figure 8 AFM height image of thin films of a mixture of two brush random
COPOLYIMETS ..ottt e iea e 135
Figure 9 Inverse intensity of peak heights vs inverse temperature for
asymmetric brush random copolymers............................... 136
Figure 10 SAXS curves for symmetric brush block copolymers .............140
Figure 11 SAXS curves for asymmetric brush block copolymers ............140
Figure 12 AFM phase images of individual PLA brush homopolymers on
mica; brush block copolymer morphology in thin film ........... 141
Figure 13 Photograph of slowly dried g-[PLA3po-b-PnBAo0]..................141

Chapter 6: Well-Defined Liquid Crystal Gels from Telechelic Polymers via Ring-

Opening Metathesis Polymerization and “Click” Chemistry

Figure 1 Dynamic electro-optic response of a constrained LC gel under 19
V/um, 1000 Hz AC signal..........cccooiiiiiiiiiiiiiiiie, 159
Figure 2 Transient electro-optic response of an unconstrained LC gel under
various AC electric fields at 1000 Hz.........................ol. 161
Figure 3 Transmittance as a function of voltage applied for an
unconstrained LC gel in a 100 um thick gap......................... 161
Figure 4 Polarized optical micrograph of unconstrained LC gel between
ITO and lecithin coated glass plate ..............cccooviieeeinnn.n. 162
Figure 5 Transient electro-optic response of an unconstrained LC gel under

an AC electric field of 2.0 V/um at 1000



Figure 6

XiX

Transient electro-optic response of an unconstrained LC gel under

an AC electric field of 2.0 V/um at 1000 Hz........................ 163

Appendix 1: GPC Characterization of Cyclic Polymers

Figure 1.

Figure 2

Figure 3

Intrinsic viscosities of cyclic and linear PCDT and their mixtures
from GPC.....o 178
Comparison of intrinsic viscosity, hydrodynamic radius, and

elution time of PCOAc prepared without and with different amount

Appendix 2: Hydrogenation of Polyalkenamers

Figure 1

Figure 2.

Figure 3.

IR spectra of PCOE and hydrogenated PCOE using Pd/CaCO; and

Comparison of dynamic rheological spectra of PCOE precursor
polymers and H-PCOE by TSH............coooiiiiiiiiiiiiii, 186
Comparison of dynamic rheological spectra of PCOE precursor

polymers and H-PCOE.............c..ciiiii 187



