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ABSTRACT
INVESTIGATING THE ROLE OF TOPOLOGICAL FRUSTRATION ON MORPHOLOGY
OF NOVEL MULTIBLOCK COPOLYMERS
SEPTEMBER 2018
ROHIT GUPTA

B.S., INDIAN INSTITUTE OF SCIENCE EDUCATION AND RESEARCH, KOLKATA
M.S., INDIAN INSTITUTE OF SCIENCE EDUCATION AND RESEARCH, KOLKATA

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor E. Bryan Coughlin

Multiblock copolymers have gained considerable attention due to their ability to offer immense
potential for designing soft materials with complex architectures for diverse applications. The
enlarged parameter space offered by these multiblock copolymers gives access to a wide variety
of multiply continuous morphologies which can be used to produce highly ordered nanostructures.
The investigation on multiblock copolymers has been subjected to two critical limitations: (i) A
suitable synthetic strategy for accessing these structures and (ii) computational tools which can
help in application driven design of these molecules. In this dissertation, the goal was to develop
methodologies for the synthesis of multiblock copolymers with different architectures and
understand how the variations in molecular architecture can influence macromolecular self-
assembly.

In chapter 2, the concept of single molecule insertion (SMI) for precise insertion of functional
molecules is presented. The molecule precisely inserts once within the polymer chain with high

chain fidelity and provides functionalities for post-insertion modifications. A series of molecules

Vii



satisfying the criteria for SMI based on their reactivity ratios with styrene and methyl methacrylate
were examined and used to synthesize a series of multiblock polymers with complex architectures.
In chapter 3, a highly efficient synthetic methodology for synthesis of graft copolymers which lie
along the continuum of a 3-arm star and A-B-C linear triblock copolymer has been described. The
morphological characterization of the synthesized continuum graft copolymers is performed using
SAXS, TEM, and DPD simulations. Interesting morphologies are observed for these continuum
copolymers and projects them as interesting candidates to access new morphologies. Contrary to
most of the work done on block copolymers, these structures are novel as their morphologies can
be tuned keeping the ¢ and y constant. This study helps in understanding of the effect of polymer
architecture on the phase behavior of these graft copolymers and provides a novel pathway to tune

the block copolymer morphologies.

In chapter 4, a series of PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP triblock copolymers
with extending P2VP arm has been synthesized. The study helps in extending the concept of high
x-low N block copolymer system from diblock to triblock copolymers. The morphologies of the
synthesized triblock copolymers were characterized using SAXS and TEM and morphologies with
multiple domains and smaller feature size were observed. Also, the effect of extending chain length
of P2VP arm on the phase diagram on these highly frustrated triblock copolymer systems was
studied and the observed morphologies using SAXS and TEM were mapped with the theoretical

predictions.

viii



TABLE OF CONTENTS

Page
ACKNOWLEDGMENTS ... e %
AB ST RA CT ettt R e r e nres vii
LIST OF TABLES ...ttt r e e e n e e e ennis Xiv
LIST OF FIGURES ... .ottt ettt ettt e b neeas XV
CHAPTER
L. INTRODUGCTION ...ttt bbbttt e et e et e sbe et e e sbbeenbeenneeenes 1
1.1 BIOCK COPOIYMELS ...ttt ettt ettt ste e nne e ra e e 1
1.2 Introduction to DIblock COPOIYMENS .......civieiiiic e 1
1.3 General Introduction to Multiblock COpOIYMErS.........ccccveiieiiiiiice e 4
1.3.1 Linear Triblock COPOIYMENS .......coiiiiiiiiiciee e 6
1.3.1.1 Frustrated Linear Triblock COPOIYMErS........ccccoovvvvivrivirrrieieieieiennes 7
1.3.1.2 Non-Frustrated Linear Triblock Copolymers..........cccccoeevevereverenanes 11
1.3.2. Miktoarm BIlOCK COPOIYMETS .....c..ooviiiiiiieieiece e 17
1.3.2.1 Theoretical Investigations for A-B-C Miktoarm Triblock
COPOIYMELS ..ottt es 18
1.3.2.2 Experimental Observations for A-B-C Miktoarm Triblock
COPOIYMELS ...t es 25
1.4. DiSSertation OULIINE ........cciiiiiiieieiet e 37
LD RETEIBNCES ...ttt bbbttt bbb 38



I1. SINGLE MOLECULE INSERTION AND ITS APPLICATIONS FOR SYNTHESIS OF

FUNCTIONAL MATERIALS ...t 49
2.1 INEFOAUCTION ...ttt 49

2.2 Molecules for Single Molecule Insertions in Different Polymers ...........cccccoovvnnnnns 52

2.3 EXPErimental PrOCEAUIE...........coiiiiieieieee et 54

2.3.1 INSErtioN CREMISTIY ......oiieiiiie ettt ne s 54

2.3.2 Chain EXtension after SMIL...........ccoiiiiiiiiiee e 54

2.3.3 Grafting ChEMISIIY .....cvoiviiirieiiseeee e 55

2.4 ReSUIES aN0 DISCUSSIONS........ccuiiiiiiieiieiieienie sttt n bbb nne s 55

2.5 SUMMIAIY .ottt ettt e e st e st e e s a bt e e sabe e e an b e e e sbb e e e nnb e e e nnbeeenbaeeans 69

2.6 RETEIENCES ...ttt 69

[1l. EXPLORING THE CONTINUUM BETWEEN A 3-ARM STAR AND A-B-C LINEAR

TRIBLOCK COPOLYMER ... ..ottt et et a et snae e e nnae e e nnnee e 74
K201 13 0o [ od 1 o SR 74

3.2 Materials and MEtNOUS. ..........ooveiiee e 77

3.2 L MALEITAIS ..o 77

3.2.2 INSLIUMENTALION ...t 77

3.3 Exploring the Continuum of a 3-arm Star and A-B-C Linear Triblock copolymer for

PMMA-D-PS-g-PEO graft COPOIYMEIS. ......coiiiiiiiiie et 78

3.3 L MEENOAS. ... 78



3.3.1.1 Synthesis of RAFT Chain Transfer Agent for MMA

POIYMENIZALION. ..ottt 78
3.3.1.2 General Procedure for Polymerization of MMA using CTA-1b...78

3.3.1.3 General Procedure for Chain Extension using Styrene (PMMA-b-

3.3.1.4 General Procedure for Single Molecule Insertion (SMI) of

Pentafluorophenyl Maleimide (PFPMI........cccccooiiiiiciiiiccceeee e 79

3.3.1.5 General Procedure for Synthesis of PMMA-PFPMI-b-PS; and

PMMA-b-PS1-PFPMI-b-PS; Block Copolymers.........cccvevrviniceeieeinne. 80

3.3.1.6 General Procedure for Grafting of Amine-Terminated PEO on

PMMA-PFPMI-b-PS;, PMMA-b-PS:-PFPMI-b-PS2 and PMMA-b-PS;-

PEPIMIL. .ottt sttt ne st nas 82
3.3.2 ReSUILS aNd DISCUSSIONS ........cviueeiiiiieiiitisieieie sttt 82
3.3.2.1 Synthesis of PMMA-b-PS-g-PEO Triblock Copolymers............... 82
3.3.2.2 Morphological Characterization..............ccccceeeeeeeieeeeeeeeeeeeeeeans 87
3.3.2.3 Theoretical SIMUIALIONS...........ccooevenieincricecececeees 95

3.4 Exploring the Continuum of a 3-arm Star and A-B-C Linear Triblock copolymer for

PIBA-D-PS-g-PEO graft COPOIYMENS ........ooiiiiiiiiiiceee s 102

B4 MEENOUS. ..o 102

3.4.1.1 General Procedure for Polymerization of PtBA using CTA-1b ..102

Xi



3.4.1.2 General Procedure for Chain Extension using Styrene (PtBA-b-

3.4.1.3 General Procedure for Single Molecule Insertion (SMI) of

Pentafluorophenyl Maleimide (PFPMI) ..., 103

3.4.1.4 General Procedure for Synthesis of PtBA-PSx-PFPMI-b-PS; and

PtBA-b-PS1-PFPMI-b-PS2 Block Copolymers ..., 103

3.4.1.5 General Procedure for Grafting of Amine-Terminated PEO on

PtBA-PSX-PFPMI-b-PS;, PtBA-b-PS:-PFPMI-b-PS;, and PtBA-b-PS;-

PEPIMI...c e 104

3.4.2 ReSUILS and DiISCUSSIONS: .......cviuiriiieisiirieieiesie ettt 106
3.4.2.1 Synthesis of PtBA-b-PS-g-PEO graft copolymers......................... 106

3.4.2.2 Morphological Characterization.............cccecevvniceeinnnniceeneen. 109

3.0 SUMMIANY ..ttt e st e e st e e sa e e e srbe e e nrb e e e nnbe e e nnneas 117
3.0 RETEIBICES......eeiieeeiee bbbttt b et 117

IV. MAPPING THE PHASE DIAGRAM FOR FRUSTRATED A-B-C LINEAR TRIBLOCK

COPOLYMERS......ccoo ettt ettt e te e s e sse e teeneeereenbeeneeaneenseaneeareenseeneens 128
g I 1o oo [ Tod 1 o o RS 128
4.2 EXperimental SECHION .......c..ooii i 131

4.2.1 General Procedure for Synthesis of PMMA-b-PtBS-b-P2VP or PtBA-b-
PtBS-b-P2VP Triblock COPOlYMErsS........ccovviiiiiiice e 131

A3 INSTIUMIEITALION ..ttt e s s s eeeseenennnsnnennnnnnns 134

xii



4.4 RESUILS AN DISCUSSIONS .....ceeeeeeeeeeeeeee ettt e e et e e e et e e e e e e e e e e e e e e e e e e nannnees 134

4.4.1 Synthesis of PMMA-b-PtBS-b-P2VP or PtBA-b-PtBS-b-P2V/P triblock

(010] 010 1Y/ 1 11T £ SR 134

4.4.2 Morphological Characterization ............ccccevvevieiieiiesesie e 136

4.4.2.1 Small Angle X-ray Scattering (SAXS) Measurements................. 136

4.4.2.2 TEM STUAIES ....coviiiiieirectece et 139

4.5 SUMIMAIY ..ottt b et b e b e b et b e bt e e 141

4.6 RETEIENCES ...ttt b bbbttt bbbt b e 142

V. CONCLUSIONS AND PERSPECTIVES........oo e 145
5.1 CONCIUSIONS. ....uitiieiiitiitee bbbttt 145

5.2 FULUIE DIFECLIONS .....veiieiieiiite ettt 147

5.3 RETEIBNCES: ...ttt 150
APPENDIX : SYNTHESIS OF LABELED POLYMERS ..o 151
BIBLIOGRAPHY ...ttt bttt b et e et e e ste e sbeeanbeesbeeentae 163

Xiii



Table

Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.

Table 4.
Table 4.

o N o o A W N P

LIST OF TABLES

Page
: Synthesis of PMMA macro-initiator using CTA-1D. ....ccccooiiiiiiiieeee 80
: Compositions and Morphologies for the 25-8-w, and 25-18-® Series. .......ccceveenene 85
: Compositions and Morphologies for the 30-18-w, and 30-32-® Series. ........cccceenee 86
: Synthesis of PtBA macro-initiator using CTA-1D.......ccociiiiiiiis 104
: Compositions and Morphologies for the PtBA-b-PS-g-PEO-1-6 Series.................. 107
: Compositions and Morphologies for the PtBA-b-PS-g-PEO-7-12 Series................ 107
: Compositions and Morphologies for the PtBA-b-PS-g-PEO-13-18 Series.............. 109
: Compositions and Morphologies for the PtBA-b-PS-g-PEO-25-30 Series.............. 109
: Molecular characteristics of PMMA-b-PtBS-b-P2VP triblock copolymers. ........... 132
: Molecular characteristics of PtBA-b-PtBS-b-P2VP triblock copolymers................ 132

Xiv



LIST OF FIGURES

Figure Page

Figure 1.1: The generic phase diagram and typical micro-phase separated morphologies of a
diblock copolymer (from references 8,10—12).........ccciiiriiiiiieieiere s 2

Figure 1. 2: Structural complexity of block copolymers by varying the number of blocks and the
functionality of the connector at each block-block juncture (difunctional, circles; trifunctional,
triangles) (taken from referenCe 29). .......ooioi i 5

Figure 1. 3: TEM micrographs for (a) a double helical structure in PS-PB-PMMA triblock
copolymers (images from reference 55)(b) knitting pattern observed for PS-PE-PMMA triblock
copolymers (reproduced from referenCe 56)..........ccviieiieieiieiieie et 8

Figure 1. 4: Different morphologies observed for PS-PB-P2VP triblock copolymers (taken from
(=1 (=T T[T G ) TR PSS 8

Figure 1. 5: Morphologies predicted for A-B-C linear triblock copolymers using SCFT (left) and
by MC simulations (right) (reproduced from reference 70). .......ccccoceivveveiieiiieie e 10

Figure 1. 6: Density iso-surface plots of morphologies formed by A-B-C linear triblock
copolymers: (a) three-color lamellae (Ls), (b) cylinders-within-lamellae (LC), (c) knitting pattern
(KP), (d) triple cylinders-on-cylinders (C3), (e) and (f) quadruple cylinders-on cylinders (C4@
and C4 ®, (g) core—shell cylinders (CSC), (h) perforated lamellae (PL), (i) triple helices-on-
cylinders (HsC), (j) double helices-on-cylinders (H2C), and (k) perforated circular layer-on
cylinders (PC). In C4 @ and C4 ®), their basis vectors are indicated. The red, green, and blue
colors denote the regions where the majority components are A, B, and C, respectively.(images
taken from FEFErENCE 48). ......ceiiee bbb 11

Figure 1. 7: TEM micrographs for different compositions of PS-PB-P2V/P linear triblock
copolymers (reproduced from refErenNCe 72).......ccuuiveeiieeneee e 12

Figure 1. 8: Different morphologies observed for ISP system using TEM (images taken from
TETEIEINCE 77). et bbb bbbt bbbt e b e et et bbb be e 13

Figure 1. 9: Simulated morphologies of A-B-C triblock terpolymers obtained from the TDGL
model. The blocks along each of the three edges represent diblock copolymers with green, blue,
and yellow regions correspond with density distributions of A, B, and C monomers respectively
(reproduced from referenNCe 95). .....oiui it 17

Figure 1. 10: Schematic representation of different architectures of miktoarm star copolymers
(image reproduced from refErenNCe 97). ..occve et 18

Figure 1. 11: Phase diagram for the AnBn star copolymers with varying volume fraction of block
B (images taken from reference 98)........covv it 19

Figure 1. 12: (a) Behavior of the spinodal curves for diblock and different ABn miktoarm
copolymers with n =1,2, 3, and 4. The experimental results from an AB: (solid sphere) and the

XV



two ABs (hollow square, hollow sphere) miktoarm stars have been marked. (b) Critical values of
¥Nt plotted as a function of the number of arms of the B-blocks (images taken from reference
O ) OSSR PRSPR 20

Figure 1. 13: Phase diagram of A-B-C star polymer systems with arm-length ratio 1:1:x and for
symmetric interaction of the three blocks. The three blocks are depicted as A (light gray), B
(medium gray), and C (dark gray) (taken from reference 105). .......c.ccocvriiriininienene e 22

Figure 1. 14: Different ordered phases of A-B-C star triblock copolymers predicted using the
SCFT calculations with xacN = 50.0, xasN = xscN = 30.0. The colors red, green, and blue
indicates A, B, and C, respectively. The different hierarchical structures include 2D cylinders-in-
lamella phases (L+C), and 3D hierarchical cylinders packed hexagonally (HHC), two kinds of
cylinders in-lamella phases, with cylinders being packed hexagonally (HPL) and tetragonally
(TPL), and hierarchical double-gyroid phases (HDG). The HC, BCC, and DG represent the
core—shell phases of hexagonally arranged cylinders, spheres in body-centered-cubic lattice, and
double-gyroid, respectively (reprinted from reference 111)........cccooiiiiiiiniinieieieiese e 25

Figure 1. 15: Comparison of observed morphologies with the theoretical prediction by Milner for
AnBn miktoarm copolymers (reprinted from reference 117). ....ccocooviiiinininieieienc e 26

Figure 1. 16: TEM images for PS-Pls miktoarm copolymers showing chevron tilt boundaries for
58 % volume fraction of PS. (a) broken chevron (b) broken chevron with cylinders (c) broken Q
with cylinders (reprinted from reference 120) .........ccovviieiiiiicic e 27

Figure 1. 17: Schematic representations of the phase separated morphologies in the solvent-
annealed star polymer film showing the transition from an in-plane oriented HEX truncated PS
cylinder and PMOQOS triangular prism structure for temperature range 25—190 °C; a mixture of the
type A HEX structure and its rotational isomer (the type-B HEX structure, namely, the 30°-
rotated HEX structure in the range of 190—220 °C; a mixture of the type-A and -B HEX
structures formed in the range 220—30 °C.(taken from referencel28).........ccccevvevviieiicieennenn, 29

Figure 1. 18: (I) Morphologies for PI-PS-PMDS (a) projected view of alternating cylinders (b)
junction point depiction of miktoarm star copolymers (c) EF-TEM image for unstained PI-PS-
PDMS miktoarm star copolymer (d) EF-TEM image for PI-PS-PDMS miktoarm star copolymer
stained with OsO4 (Image taken from reference 132).(11) Chain projections junction points for
PS-PI-PMMA miktoarm copolymers (Image taken from referencel31) .......cccccoeivienciennnnnn 31

Figure 1. 19: TEM micrographs PS-PI-P2V/P star triblock copolymers with different volume
fractions of P2VP (image taken from reference 135). ......ccooiiiiiiiiiniiineeee s 33

Figure 1. 20: TEM micrographs for PS-P1-P2VP samples with different tilt angles (a) 0° (b) 25°
(c) 35° around the horizontal axis (d) systematic representation of the observed morphology
(reproduced from referenCe 136). .....ucviieiieieiieie ettt 34

Figure 1. 21: Morphology phase diagram for PS-PI-P2VP miktoarm star copolymer system
(images taken from referenCe L37.......cviiieeee bbb 35

Figure 1. 22: (a,b) TEM micrographs for different compositions of ISP terpolymers/S
homopolymer blend system: Pl(black), PS(white), and P2VP (gray). (c,d) Imaginary equilateral

XVi



triangle (Tri) and square (Sq) are superimposed on the TEM images to show the Archimedean

tiling pattern (reproduced from reference 103).......cccooviiieiiiie i 36
Figure 2. 1: Candidate Molecules for SMI on PS Chain. ... 56
Figure 2. 2: Candidate molecules for SMI on PMMA Chain. .........cccccoiiiiiiinicieic e 56
Figure 2. 3: MW distribution of PS chains before (left) and after SMI of PFPMI using ESI-MS
(T L) TSRS 58
Figure 2. 4: 'H NMR data for SMI of PFPMI molecule, inset is the aromatic region for PFPMI
molecule (top) on PS chain-end (DOtOM). ........cccveiiiiiiiieie e 58
Figure 2. 5: GPC traces for PS, PS-PFPMI (left) and PS-PFPMI-PS and PS-PFPMI-PS-g-PEO
(o0 10 Y/ 0 0 T O (o 21 PSSR 59
Figure 2. 6: MW distribution of PS chains before (left) and after SMI of oxo-norbornene
anhydride USING ESI-MS (FIGN).......ooiieicce e 60
Figure 2. 7: GPC traces for PS homopolymer, PS-Nor-An-PS and PS-Nor-An-PS-g-PEO

(010] 10 1Y/ 11 OSSR 61
Figure 2. 8Figure 8: Molecular weight distribution using ESI-MS for PS (left) and PS-DMFu
(T L TSP STOSN 62
Figure 2. 9 Molecular weight distribution using ESI-MS for PS (left) and PS-DM (right). ........ 62
Figure 2. 10: GPC traces for PS homopolymer, and PS-DMF-PS. ..........cccccooviiiiiiiceee, 63
Figure 2. 11: Molecular weight distribution using ESI-MS for PMMA (left) and PMMA-Nor-An
(1001 PO TSSOSO PP PR PRPROR 64
Figure 2. 12: GPC traces for PMMA homopolymer, and PMMA-Nor-An-PMMA and PMMA-
Nor-An-PMMA-g-PEO bIOCK COPOIYMENS. .......oiiiiiiiiiiiiieee e 65
Figure 2. 13: Molecular weight distribution using ESI-MS for PMMA (left) and PMMA-PFPMI
(1001 PSR P TP U PP PRPRORO 66
Figure 2. 14: GPC traces for PMMA homopolymer, and PMMA-PFPMI-PS and PMMA-PFPMI-
PS-g-PEQO DIOCK COPOIYMETS. ...t 67
Figure 2. 15: Molecular weight distribution using ESI-MS for PMMA and PMMA-AA. .......... 68
Figure 2. 16: GPC traces for PMMA homopolymer, and PMMA-AA-PS block copolymer....... 69
Figure 3. 1: Representative figure for different continuum graft copolymers. ...........cccccevrenene 77
Figure 3. 2: Representative figures for different PMMA-b-PS-g-PEO continuum graft
copolymers and definition Of M........c.coiiiiiiiiei e 85
Figure 3. 3: Representative *H NNMR spectra for PMMA-b-PS-g-PEO graft copolymers........ 87

XVii



Figure 3. 4: GPC chromatograms for PMMA-b-PS-g-PEQ graft copolymers..........c.ccccovvvvennnns 87

Figure 3. 5: SAXS measurements for A) 25-8-w» and B) 25-18-@ SEri€s. ...ccccevvvviververieiiieinenens 89
Figure 3. 6: Effect of graft position on domain spacing for 25-Y-® and 30-Y-o series. ............. 89
Figure 3. 7. TEM micrographs for the 25-8-w series. A) ®=0, B) ®=1/3,C) ®=2/3,D) v = 1.
Tors 1 Lo o T o K00 ] USSP RO 90
Figure 3. 8. TEM micrographs for the 25-18-w series. A) ®=0,B) ® =1/3,C) ®=2/3,D) o = 1.
SCAIE DA 100 MMttt sbe et e e st e e be e be e st e sseenbeeneesbeebeeneesneennas 91
Figure 3. 9: SAXS measurements for A) 30-18-® and B) 30-32-m SEries. .....c.ccceeervereereennnnens 92
Figure 3. 10: TEM micrographs for the 30-18- series. A) ®=0,B) ®=1/3,C) ® =2/3,D) ® =
1. SCale DAr: 100 NIML.iiiiiiiiecc et e e st e e te st e ebeebeaneesreenteeneenneennens 93
Figure 3. 11: TEM micrographs for 30-32-w series for different graft positions. A) ® =0, B) o =
1/3, C) ®=2/3 and D) ® = 1. Scale bar: 100 NM..........cccoveieiiiiiiiiienee e 94

Figure 3. 12: Representative figures for the (a-b) Lamellae (c-d) Cylindrical, and (e-f) Perforated
Lamellae morphologies observed using DPD simulations. Panels (b), (d), and (f) show structures
mimicking TEM contrast for (a), (c), and (e), reSPECtIVEIY. .......cccovviiiiiiiiiieieee e 99

Figure 3. 13: Morphological phase diagram for the PMMA-b-PS-g-PEQ graft copolymers
obtained from DPD simulations. The symbols represent the experimental morphologies from
observed using SAXS and TEM. The linear triblock samples are represented by = 0.9. ....... 100

Figure 3. 14: Fraction of (a) PMMA beads interacting with PEO and (b) PS beads interacting
with PMMA-PEO as a function of w. (¢) Sphericity of PEO chains and (d) Lamellae thickness

FOT VATYINZ . 1ot 101
Figure 3. 15: Representative figures for different PtBA-b-PS-g-PEO continuum graft

(010 010 1Y/ 1 TSP RROSROSN 104
Figure 3. 16: Representative *H NMR spectra for PtBA-b-PS-g-PEO copolymer..................... 108
Figure 3. 17: Representative GPC chromatographs for PtBA-b-PS-g-PEO copolymers. .......... 108
Figure 3. 18: SAXS profiles for a) PtBA-b-PS-g-PEO Series -1-6 and b) PtBA-b-PS-g-PEO
SBIIES-T=12. . oottt ettt bbbt E Rt R et be R e R Rt R Rt n et re et e b nrenne e 110

Figure 3. 19: Effect of graft position on domain spacing for different lengths of the PEO arm. A)
PtBA-b-PS-g-PEO with MW of PtBA and PS = 22kg/mol B) PtBA-b-PS-g-PEO with MW of

PIBA and PS = 32KG/MOL. ..o 112
Figure 3. 20: TEM images for PtBA-b-PS-g-PEO-1-6 Series. Scale bar 100 nm. .........c..cccu.... 113
Figure 3. 21: SAXS profiles for a) PtBA-b-PS-g-PEO Series-13-18 and b) PtBA-b-PS-g-PEO

SBIIES=25-30. ...ttt ittt bbb bbbttt bbb ne e 114
Figure 3. 22: TEM images for PtBA-D-PS-g-PEO-13-18 Series. .......ccccvvvriririiiiiie e 115
Figure 3. 23: TEM images for PIBA-b-PS-g-PEO-25-30 Series. .......ccccvvvrvriiiiiie e 116

XViii



Figure 4. 1: *H NMR spectra for the synthesized PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-

P2VP tribDIOCK COPOIYIMENS. ...t 136
Figure 4. 2: SAXS profiles for PMMA-b-PtBS-b-P2VP triblock copolymers............cc.cccovnnnee. 138
Figure 4. 3: SAXS patterns for PtBA-b-PtBS-b-P2VP triblock copolymers............cccccocvrvnnnnne. 139
Figure 4. 4: TEM images for PMMA-b-PtBS-b-P2VP-1-6 triblock copolymers stained using

(@ 110 OSSPSR 140
Figure 4. 5: TEM images for PMMA-b-PtBS-b-P2VP-1-3 triblock copolymers stained using 12
(V2 1010 £ TP OP R PPR 140

Figure 4. 6: TEM images for PtBA-b-PtBS-b-P2VP triblock copolymers stained using OsO4. 141

Figure 5. 1: Ternary diagram depicting the possible continuum routes from a 3-arm star to linear
TrIDIOCK COPOIYIMET. ...t e bbb 149

XiX



LIST OF ABBREVIATIONS

°C degree Celsius

b Molecular Weight Dispersity, Mw/Mn
d Chemical shift

X Flory-Huggins Parameter

(0] Volume Fraction

® Graft position

2VP 2-Vinylpyridine

4VP 4-Vinylpyridine

AA Allyl Alcohol

AIBN 2,2'-Azobis(2-methylpropionitrile)
ATRP Atom Transfer Radical Polymerization
BCPs Block Copolymer

CTA Chain Transfer Agent

DM Dimethyl Malonate

DPD Dissipative Particle Dynamics
d-spacing Domain Spacing

DCC N,N'-Dicyclohexylcarbodiimide
DCM Dichloromethane

DMAP 4-Dimethylaminopyridine

DMF N,N-Dimethylformamide

equiv. Molar equivalent

ESI-MS Electrospray lonization Mass Spectroscopy

XX



GPC

MeOH

mg

mL

Mn

mmol

mol

MD

MS

MW

Mw

mPEG

MMA

Nor-An

nm

NMR

NMP

oDT

PFPMI

PEG

Gel Permeation Chromatography
Kilogram

Molecular Mass

Methanol
Milligram
Milliliter

Number average molecular weight
Millimole

Mole

Molecular Dynamics

Mass Spectroscopy

(Number Average) Molecular Weight
Weight Average Molecular Weight

Methyl Ether Terminated Poly Ethylene Glycol
Methyl Methacrylate

Norbornene Anhydride

Degree of Polymerization

Nanometer

Nuclear Magnetic Resonance Spectroscopy
Nitroxide Mediated Polymerization
Order-to-Disorder Transition
Pentaflurophenyl Maleimide Ester

Poly(Ethylene Glycol)

XXi



PMDETA
PMMA

ppm
PS

q
RAFT

SCFT
SMI
SAXS
tBA
tBS
TEM
Tg

THF

N,N,N’,N”’,N”-Pentamethyldiethylenetriamine
Poly(Methyl Methacrylate)

Parts Per Million

Polystyrene

Scattering Wave Factor

Reversible Addition-Fragmentation Chain Transfer Radical
Polymerization

Self-Consistent Field Theory

Single Molecule Insertion

Small Angle X-ray Scattering

t-Butyl Acrylate

t-Butyl Styrene

Transmission Electron Microscopy

Glass transition temperature

Tetrahydrofuran

XXii



CHAPTER I

INTRODUCTION

1.1 Block Copolymers

Block copolymers (BCPs) have drawn significant attention in past few decades for their wide
variety of applications, such as ultrafiltration,! drug delivery,? photolithography,® high density
storage media,* energy conversion®, scaffolds and templates to fabricate nanostructured materials*
and advanced plastics.® The most distinguishing characteristics of block copolymers, which are
responsible for their aforementioned potential applications is the ability of the two incompatible
blocks to spontaneously segregate into self-assembled structures with controllable dimensions and
functionalities. The versatility of block copolymers in terms of their compositional variation,
architecture, and the choice of monomers can lead to dramatic changes in self-assembly and allows
us to tailor their mechanical, electrical, optical and other physical properties based on the targeted

application.”®

1.2 Introduction to Diblock Copolymers

The simplest and most studied architecture for block copolymers is the linear A-B diblock,
consisting of a long sequence of type A monomers covalently bonded to a chemically incompatible
chain of type B monomers. The phase behavior, or self —assembly, of A-B diblock copolymers is
dependent on three experimentally controllable factors: the overall degree of polymerization (N),
or the volume fraction of the A component (¢ ,4) and the Flory-Huggins interaction parameter y 45

between the monomers A and B. The regulation of the first two factors can be achieved through



the polymerization stoichiometry, whereas the magnitude of y is determined by the selection of

the A-B monomer pair.
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Figure 1.1: The generic phase dlagram and typical micro-phase separated morphologies of a
diblock copolymer (from references 8,10-12).

Based on the yN value, the phase diagram is divided into three different regimes: the weak
segregation limit, the intermediate segregation limit and the strong segregation limit.** For values
of YN < 10.5, the interactions between the two blocks is weak and non- favorable and the block
copolymer is in the disordered state. In the WSL, the block copolymer is microphase separated
with the period of the microstructure (D) formed dependent on N as D ~NY2and is independent of
the interaction parameter y. The Flory- Huggins interaction parameter y is inversely proportional
to temperature (T); as the temperature decreases, y increases and BCP enters into the ISR and can
microphase separate better with D ~ N3, On further decreasing the temperature, the BCP enters
into the SSL where the individual blocks stretch at the interface to minimize contact between the

segments of each block, with the microdomain period (D) dependent on N and y as D ~ N2/3y1/6 913



Depending on the overall volume fraction of the component A (¢ ,4) and the product y 4N (which
is the measure of the incompatibility between the two blocks), the diblock copolymer can self-
assemble into different ordered microstructures with a domain spacing ranging from 10-100 nm.”~
® The different equilibrium morphologies observed are lamellae, hexagonally packed cylinders,
body-centered cubic or complex bicontinous gyroid morphologies and orthorhombic phase with
Fddd symmetry (O as shown in Figure 1.°12415 On increasing volume fraction of one block,
the BCP can undergo phase transition to form different morphologies with the inversion of major
and minor components for ¢ ,>0.5. These morphologies are primarily governed by the balance
between enthalpic contributions from the incompatibility between two blocks and the translational
and conformational entropy of the two chains.®

Various methods have been used to manipulate the bulk and thin morphologies of block
copolymers. The most common and effective way of inducing a BCP phase transition in bulk films
is by changing the annealing temperature. With increase in temperature most BCPs undergo order-
to-disorder transition (ODT), due to decrease the segmental interactions and when the value of
xapN decreases below 10.5, a disordered state is achieved.®** On further increase in temperature,
the entropic forces tend to dominate the phase behavior as the thermal expansion and
compressibility effects come into play and the BCPs remain in the disordered state.

Unlike in bulk films, the interfacial interactions of the two blocks, surface energy and the
commensurability between the film thickness (h) and the natural period of the micro domain
morphology (L) are important factors which governs the thin film morphology in BCPs.® Several
techniques such solvent annealing,!” thermal annealing,® electro-magnetic fields,'® shear,?° zone-
annealing,?! and topographically and/or chemically patterned substrates, have been reported to

manipulate BCPs thin film morphologies?*%® for specific applications. Among all the above



mentioned methods, solvent and thermal annealing are most widely used since they can be easily

combined with other external forces for synergetic effects.

1.3 General Introduction to Multiblock Copolymers

As discussed in the earlier section, linear A-B diblock copolymers have been most extensively
investigated and detailed experimental and theoretical understanding of their bulk and solution
phase behavior has been achieved. On extension of linear diblock copolymers to linear alternating
multiblock copolymers (ABA, ABABA, etc.), substantial enhancement in the physical properties
such as elasticity and fracture toughness has been reported without significantly influencing the
associated phase behavior.?’ It has been recognized that linear diblock copolymers and alternating
multiblock copolymers can typically adopt four equilibrium microphase structures (lamellae,
gyroid, cylinders, and spheres) in the ordered state depending on their composition and chemical
interaction. None of these morphologies expect the gyroid morphology have multiple domains that
continuously percolate across the specimen in three dimensions. A multiply continuous,
percolating domain structure would provide physical attributes which can be utilized for wide
variety of technological applications.

By means of incorporating more chemically distinct blocks into a chain, or adapting unique
properties such as chiral, crystalline or rod-like structures for one of the block; can offer
unparalleled opportunities for designing new nanostructured materials with enhanced functionality
and properties.2 The complexity of block copolymers can be greatly enlarged in different ways,
including increasing the number of blocks (n) (AnBn type block copolymers), bonding chemically
distinct blocks (A-B-C type triblock copolymers) and introducing a certain type of branching

(cyclic, graft-type, H-type and star-shaped, miktoarm block copolymers etc.).? Figure 2 shows the



different architectures which can achieved by increasing the number of blocks and the chemical

distinctiveness of each block.
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Figure 1. 2: Structural complexity of block copolymers by varying the number of blocks and the
functionality of the connector at each block-block juncture (difunctional, circles; trifunctional,
triangles) (taken from reference 29).

Multiblock copolymers displaying different multiply continuous morphologies can find their use
in variety of applications.®® Multiply continuous morphology has a major advantage from a
mechanical property standpoint as it permits each domain to contribute directly to the modulus of
the material which can significantly improve toughness, stress at failure, and creep resistance of
the material .33 These multi-domain structures have high interfacial area per specimen volume
which can be used in gas separation membranes, the separation and extraction of excitons in solar
cells to improve the overall cell efficiency.3*3 Percolating domain structures can be strong
candidates for materials used in water purification. A good example for this application includes
the use of poly(lactic acid-dimethylacrylamide-styrene) triblock copolymers forming aligned
cylinders as water filtration membranes.®**° The advantage of using the percolating domains of

multiply continuous morphologies is them being less likely to terminate at the grain boundaries



and therefore does not require any alignment. This helps in minimizing the dead end pores which
in turn maximizes the flux through the membrane.** Various 3-D structures observed for
multiblock copolymers can be applied to significantly enhance the conductivity in different energy
applications such as fuel cells and batteries.*? In addition to these applications, these multiple
domain morphologies has been found to play an important role in the emerging technology of 3-

D photonic crystals.*344

1.3.1 Linear Triblock Copolymers

By adding another component, block C to A-B diblock copolymer produces A-B-C triblock
copolymers. The study of A-B-C triblock copolymers becomes challenging as the synthesis of
triblock copolymers with high chemical purity is difficult using sequential living polymerization.
These techniques yield triblock copolymers with possible containments such as homopolymers
and diblock copolymer byproducts. Apart from the synthetic challenge, the number of parameters
which defines the microphase separation of the triblock copolymers increases considerably by the
addition of the third component C. In comparison to diblock copolymers, where the morphology
is mainly controlled by the volume fraction of one block and the interaction parameter between
the two blocks; the morphology of triblock copolymers is critically affected by different factors
such as the independent volume fractions of two blocks, three different interaction parameters and
the sequence of the three blocks.* This enlarged parameter space of A-B-C triblock copolymers
makes them a promising candidate for exploring a range of intriguing nanostructures. In addition
to these factors, different chain architecture i.e. linear, star,*® or ring*’ can contribute significantly
to the complex array of morphologies that can be observed for triblock copolymers system.

The simplest case of the A-B-C triblock is the A-B-C linear triblock copolymer. For this system,

three different states are possible: one phase state (which is the disordered state for the A-B-C



system), two phase state (A/mixed BC, B/mixed AC and C/mixed AB, which is similar to a diblock
system) and the three phase state with A, B and C forming different domains. Based on the relative
strength of the interaction parameters between the three blocks, linear triblock copolymers are
mainly divided into two classes: “frustrated” and “non-frustrated”.*® The classification refers to
the ‘non-frustrated’ system if y,¢, the interaction parameter between the two end-blocks is
comparable or higher than the interaction parameter between the neighboring blocks i.e. y4p and
Xgc- Therefore, in this particular case the two end-blocks A and C phase separate and forms two
distinct interfaces A/B and B/C. The other class refers to the ‘frustrated’ system, where y ¢ IS
much smaller than the interaction parameter of the neighboring blocks y 45 and xgc¢ . Thus, the
triblock will tend to form structures with lower A/C interfacial energy than interfaces A/B and
B/C. But since the formation of A/C interface is not commensurate with the chain topology, the
system is ‘frustrated’. The subtle balance between the benefit from interfacial energy and the
energy penalty due to the topological chain constraints is primarily responsible for the complex

non-equilibrium ordered phases formed, so as to relieve the topological frustration.

1.3.1.1 Frustrated Linear Triblock Copolymers

In the past decade, there has been a great deal of experimental reports on the spectrum of
morphologies observed in frustrated triblock copolymer systems. Some of these systems includes:
poly-(styrene-b-butylene-b-methyl methacrylate) (SBM),**>°  poly-(styrene-b-ethylene-co-
butylene-b-methyl methacrylate) (SEBM),*9-°1°3-%8 poly-(styrene-b-2-vinylpyridine-b-tert-butyl
methacrylate) (SVT),>*62 poly-(styrene-b-butadiene-b-caprolactone) (SBC)®, poly-(isoprene-b-
styrene-b-dimethyl siloxane)®®, poly-(styrene-b-isoprene-b-ethylene oxide)®*, poly-(styrene-b-
butadiene-b-2-vinylpyridine)®®,  poly-(styrene-b-isoprene-b-lactide)®® and  poly-(styrene-b-

(ethylene-alt-propylene)-b-methyl methacrylate) (SEPM)®’. All of these systems show more than



two dozen complex structures which includes helical, core-shell versions of gyroid, spheres,
cylinders, structures-within-structure phases corresponding to three-domain lamellae (L3),
cylinders-within-lamellae (LC), spheres-within-lamellag, cylinders-on-cylinders, helices-on-
cylinders, rings-on-cylinders, spheres-on-cylinder and spheres-on-spheres; cubic network phases,
perforated structures, ladder morphology and knitting patterns. These complex phases are typical
hierarchical structures because at least two lengths are required to characterize them. Some of the

most interesting morphologies mentioned are shown in Figure 3, 4.

Figure 1. 3: TEM micrographs for (a) a double helical structure in PS-PB-PMMA triblock
copolymers (images from reference 55)(b) knitting pattern observed for PS-PE-PMMA triblock
copolymers (reproduced from reference 56).

Figure 1. 4: Different morphologies observed for PS-PB-P2VP triblock copolymers (taken from
reference 65).



The use of computer simulations can help predict and understand the phase behavior and
morphology of complex block copolymer systems. In addition to experimental studies, the phase
behavior of the frustrated A-B-C triblock copolymer system has been investigated using theoretical
calculations and simulations. Using the strong segregation theory, Zheng and Wang studied the
dependence of morphology on the sequence of the triblock chain and the relative strength of the
various interaction parameters.*> Most of the simulated morphologies were in agreement with the
observed morphologies for the SEBM system, along with the prediction of three frustrated phases;
cylinders within lamellae, spheres within lamellae and rings on cylinders. Using self-consistent
mean field theory (SCFT) Tang and coworkers constructed the phase diagram for the possible 2D
structures for the frustrated triblock copolymer system.®® Since major theoretical studies were
restricted to the 2D phase, Shi and coworkers expanded the phase diagram for the frustrated A-B-
C linear triblock copolymer system using SCFT and predicted a number of new phases including
the 2D knitting pattern and 3D gyroid with spheres.%® Since the basis functions used in the
construction of the phase diagram were limited, the accuracy of the phase boundaries obtained
were imprecise. Later on, the study by Nagpal and coworkers predicted the bulk morphologies for
both frustrated and non-frustrated A-B-C triblock copolymer systems in three dimensions using
the coarse grain Monte Carlo (MC) simulations (Figure 5).”° Some of these simulations were

representative of the PS-PI-PMMA triblock copolymer system.
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Figure 1. 5: Morphologies predicted for A-B-C linear triblock copolymers using SCFT (left) and
by MC simulations (right) (reproduced from reference 70).

Using the full 3D psuedospectral method of SCFT, Shi and coworkers recently studied the phase
behavior of super-cylinder forming A-B-C triblock copolymers.”* They used SCFT to investigate
the emergence, and stability, of the Knitting Pattern (KP) phase observed experimentally in SEBM
system. They constructed the phase diagram for the frustrated triblock copolymer systems taking
into account about 10 candidate structures as shown in Figure 6. Their study involved the
investigation of the stable region of the KP phase with a uniform segment size considering the
impact of the conformational parameters and the interaction asymmetry between neighboring
blocks. They also examined the stability region of the KP phase when surrounded by LC,
perforates lamellae (PL), L3, core-shell cylinders (CSC), perforated circular layer-on cylinders

(PC), and quadruple cylinders-on cylinders (C4) phases for the SEBM model system.*®
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(i) HsC (j) HoC (k) PC

Figure 1. 6: Density iso-surface plots of morphologies formed by A-B-C linear triblock
copolymers: (a) three-color lamellae (Ls), (b) cylinders-within-lamellae (LC), (c) knitting pattern
(KP), (d) triple cylinders-on-cylinders (Cs), (e) and (f) quadruple cylinders-on cylinders (C4®
and C4 ®, (g) core—shell cylinders (CSC), (h) perforated lamellae (PL), (i) triple helices-on-
cylinders (H3C), (j) double helices-on-cylinders (H2C), and (k) perforated circular layer-on
cylinders (PC). In C4 @ and C4 ®, their basis vectors are indicated. The red, green, and blue
colors denote the regions where the majority components are A, B, and C, respectively.(images
taken from reference 48).

1.3.1.2 Non-Frustrated Linear Triblock Copolymers

Another class of triblock copolymers, is the non-frustrated A-B-C triblock copolymers which
corresponds to the system with yac being the largest/comparable with the other two interaction
parameters yas and ysc. Such systems typically form structures with no A/C interface with the
observed morphologies being the core-shell versions of the diblock copolymers morphologies;
including core-shell spheres, cylinders, gyroid, and lamellae. They are also known to show the
alternating versions of the sphere, cylinder, and gyroid phases, in which the A and C domains form
alternating equivalent sub-lattices within the B matrix. In addition, these systems also form two
orthorhombic network phases (with space groups Fddd and Pnna).The experimental systems

which belongs to this class of linear triblock copolymers include, poly-(butadiene-b-styrene-b-
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vinylpyridine) (PB-PS-P2VP) (Figure 7),”> poly-(methyl methacrylate-b-styrene-b-butadiene)
(PMMA-PS-PB)”, poly(isoprene-b-styrene-b-vinylpyridine) (P1-PS-P2VP)"*"" (Figure 8), and

poly(isoprene-b-styrene-b-ethylene oxide) (PI-PS-PEQ)"880,

Figure 1. 7: TEM micrograph
copolymers (reproduced from reference 72).

Mogi, Matsushita and coworkers first demonstrated the systematic change in morphology for non-
frustrated triblock copolymers from three phase four layer lamellae to alternating gyroid to
tetragonally packed A and C cylinders in a B matrix and A and C spheres packed in bcc lattice
embedded in B matrix with increasing PS volume fraction for the PI-PS-P2VP system (Figure 8).
They also obtained the morphological phase diagram for the PI-PS-P2VP system and compared it
to the PS-PI diblock copolymer system.”#"” The other pioneering work on the non-frustrated A-
B-C triblock copolymers is on the formation of network morphologies which was first
demonstrated by Bates and coworkers for the PI-PS-PEO system’%°, Three different kinds of
network morphologies have been reported for the A-B-C linear triblock copolymers; O7°, Q%4 and

Q?%. The notation is based on the crystallographic symmetry of the repeat units, in which O stands

12



for orthorhombic unit cell, Q stands for the cubic unit cell and the superscripts refer to the number
of space group. Both Q%% and Q?® are related to the gyroid minimal surface and the two
interconnected gyroids are embedded in the matrix of the major component, whereas in O° there
is a core shell network with one of the terminal block and the middle block are embedded in the
other terminal block that is the major component. Later on, Cochran and Bates also identified a
non-equilibrium network phase denoted as 0% for the hydrogenated PS-PB-PI system.8! To
understand the complex nature of these morphologies, multiple techniques such as Transmission
Electron Microscopy (TEM), Small Angle X-ray Scattering (SAXS), rheology and computational

calculations have been used to confirm their existence in different systems.*

Figure 1. 8: Different morphologies observéd for ISP system using TEM (images taken from
reference 77).

Register and coworkers studied the extent of microphase separation in non-frustrated A-B-C linear
triblock copolymers forming a “three domain, four-layer” lamellar morphology.?? They
particularly examined the extent of microphase separation between the B and C blocks, when the
two blocks are sufficiently compatible and do not tend to microphase separate. It was noted that

the A-block plays an important role in inducing the phase separation between the B and C blocks

13



and drives the localization of A—B block junction to the A—B lamellar interface. This was
confirmed using both SAXS and distinct glass transitions observed for the B block at low B—C
segregation strengths, and for both the B and C blocks at higher segregation strengths.

Recently, Mays and coworkers synthesized linear A-B-C triblock terpolymers containing poly(1,3-
cyclohexadiene), PCHD, as an end-block and polystyrene (PS), polybutadiene (PB), and
polyisoprene (PI) as the other blocks. They systematically characterized these terpolymer
morphologies by varying the ratio of 1,2- /1,4-microstructures of poly(1,3-cyclohexadiene) and
investigated the effect of conformational asymmetry on the microphase separation using SCFT
calculations, TEM and SAXS.8

The experimental observations for the non-frustrated linear A-B-C triblock copolymer system has
been well supported by theoretical simulations. A major share of the simulations studies done for
this system has been focused on the thermodynamically symmetric A-B-C triblock copolymer,
with yas equal to ysc and assuming equal statistical segment lengths for all monomer types. Most
theories for linear A-B-C triblock copolymers are mainly approximations using different strong
segregation theories. Nakazawa and Ohta used the strong segregation limits of the density
functional theory similar to the one developed for diblock copolymers by Ohta and Kawasaki to
study the phase behavior of non-frustrated triblock copolymer systems.®48 They considered the
competition between lamellae, alternating cylinders, alternating spheres and alternating diamond
network for systems with fa = fp and yas = yac.® They also explained, that the packing of alternating
cylinders in A-B-C triblock copolymers corresponds to the square unit cell rather than the
hexagonal packing which was later confirmed by Stadler and Fredrickson.>*#” Zheng and Wang

constructed the phase diagrams for both frustrated and non-frustrated systems with varying

14



compositions for six different sets of y values, considering 11 different morphologies but no
network morphologies.*®

Motivated by the work from Mogi, Matsushita and coworkers on PI1-PS-P2VP triblock copolymer
system, Matsen and coworkers used the SCFT to predict different morphologies for symmetric

system with fa = fc and yag = yec.”*'%% The parameter space of SCFT calculations for these

symmetric triblock systems is dependent on the ratio k = 4€, which is a dimensionless measure

XAB

of segregation yac+N and the individual volume fractions ¢a, s and ¢c. The Yang and Shi groups
also took advantage of SCFT and showed the stability of several lamellae and cylindrical phases,
which includes two and three domain lamellae morphology, alternating and core shell cylinders
and various decorated lamellae phases.8%

Inspired from Leibler’s theory** on diblock copolymer phase system, Erukhimovich and
coworkers constructed a Weak Segregation theory (WST) for thermodynamically symmetric A-
B-C triblock copolymers.®-% Their theory was only valid in the vicinity of a critical point at which
the SCFT can yield a continuous order-disorder transition (ODT). They showed that for
thermodynamically symmetric systems, with yas = xsc, the critical point of interest lies along the
line for which fa = fc. They mainly dealt with the systems which obeyed the Hildebrandt (solubility
parameter) approximation yij ~(di - dj)?, where ¢ is the solubility parameter for the particular
monomer. Following this approximation, a symmetric system with yag = ysc and da # dc must
have dg = (da+dc)/2; which using the Hildebrand approximation yields yac = 4*yas, or k = 4.
Therefore, they used the WST to predict numerical results for a symmetric system with k = 4 in
the vicinity of this critical point. Using numerical SCFT, Matsen and coworkers later on focused

on k < 4 and demonstrated two-dimensional phase diagrams for different values of fs and yac*N
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for k = 1 and over a range of values of fg and k, with 0<k<2 for systems with a fixed value of
xAB*N =50.%8

Morse and coworkers used SCFT to study two models related to ISO triblock copolymer system.
In their first model they used the symmetric system with yac*N = 35 and yag«/V = ysc+N = 13, or
k = 2.7, and predicted the ternary phase diagram for different composition with fixed values of
%i*N.% The second model, which was a more realistic asymmetric model, they used the reported
values for the statistical asymmetric lengths and interaction parameters approximate to the 1ISO
system to predict the phase diagram. Later on, they used the WST and the SCFT calculations for
A-B-C triblock copolymers with yag = ysc < yac. For symmetric systems with yas = ysc and
volume fractions fa=fc they studied the phase diagram over different values of yac*N and k to
address the issues in their previous study where the SCFT calculations were performed for very
different values of k.% They took the same ISO system and presented a triangular phase diagram
for the two models using values of xij*N twice that to those used in their previous study. They
observed the stability of an alternating diamond phase, with interpenetrating A and C diamond
networks for a small region near the ODT in symmetric systems. The Fddd (O"°) phase was found
to be stable in the intermediate segregation regime. In addition, Mays and coworkers also used the
SCFT to emphasize the importance of conformation symmetry in tuning the interaction parameter
to observe different morphologies.®

Millett et al. proposed a time-dependent Ginzburg-Landau (TDGL) model to simulate the ordering
of linear non-frustrated A-B-C triblock copolymers with yag = ysc << yac.*® They demonstrated
that different morphologies can evolve with time including tetragonal, core-shell hexagonal, three-
phase lamellar, and beads-in-lamellar phases using their model (Figure 9). They also used an

interaction term to study templated substrates for directed self-assembly and showed that large-
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scale simulations can be performed using their model, which can play an important role in

investigation of self-assembly and directed self-assembly.

Figure 1. 9: Simulated morpholog

model. The blocks along each of the three edges represent diblock copolymers with green, blue,
and yellow regions correspond with density distributions of A, B, and C monomers respectively
(reproduced from reference 95).

1.3.2. Miktoarm Block Copolymers

With improved polymerization techniques and synthetic capabilities, diverse architectures of di
and triblock copolymer system have been explored. These mainly include miktoarm star, branched
and graft copolymers. These diverse architectures induce entropic constraints due to the
asymmetry present in these copolymers, and led to interesting physical properties while providing

access to various morphologies which cannot be achieved using linear architectures.

Among the various architectures mentioned, miktoarm star copolymers have been studied in detail
both experimentally and theoretically. These refer to the class of copolymers in which different
arms originate from a central core with different chemical compositions or chain lengths. These
mainly include AmBn type which consists of m arms of homopolymer A and n arms of

homopolymers B attached to the central core, A-B-C star copolymer which has blocks A, B and C
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linked to the central core and (A-b-B)n type of star- shaped copolymers which refers to copolymers
with n arms of A-B diblock copolymer emanating from the center, with the A block being the

inner core and B block being the outer shell of the star shaped copolymer as shown in Figure 10.%

AB, AB, A,B,
(A-b-B), 1-ABC (A-5-B-b-C),

{A'b'{B"fﬂ'c})n *{{B'ﬁ'c)l -%‘n{-ﬁ'b'c}n

Figure 1. 10: Schematic representation of different architectures of miktoarm star copolymers
(image reproduced from reference 97).

1.3.2.1 Theoretical Investigations for A-B-C Miktoarm Triblock Copolymers

The effect of different architectures on the self-assembly of various miktoarm star copolymers has
been studied in detail. The first study which gave a theoretical phase diagram for the AnBn type
miktoarm star copolymers was done by Milner (Figure 11).%8 He employed calculations for these

miktoarm copolymer phase behavior appropriate to the strong segregation limit in which the A-B
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interface is sharp and the chains are in stretched conformation to reduce the interfacial area per
chain of A/B contact along the interface. He mentioned that the morphology and the length scale
of microphase separation is determined by the competition between the increase in stretching free
energy as each arm stretches away from the interface and the reduction of interfacial tension. The
phase diagram of AnBn miktoarm star copolymers in the strong segregation limit as a function of
asymmetry parameter (¢) and volume fraction (¢) of B monomer was plotted and it was observed
that with increasing & = (na/ng)(la/lg)¥2, (where n refers to the number of each block and I refers
to the characteristic length) the phase boundary between the microdomains shifts towards higher

volume fraction of B.
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Figure 1. 11: Phase diagram for the AnBn star copolymers with varying volume fraction of block
B (images taken from reference 98).

In principle the microphase separation for AB, miktoarm star copolymers becomes more difficult
compared of linear diblock copolymers, because the critical value y*NV: (Nt = Na + n.Np) is higher
for miktoarm copolymers than linear diblock copolymers (Figure 12). Using Mean Field Theory,
Erukhimovich and coworkers provided the phase stability criteria and the static structure factor in
the disordered phase for these miktoarm copolymers.®® They studied the spinodal curves for AB,

miktoarm star copolymers for n values up to 100, and observed asymmetry in the spinodal curves
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against one of the volume fractions and related it to the asymmetry induced by the architecture of
miktoarm star copolymers. The critical value of y*N; for the AB, miktoarm copolymers was found
be at n = 3 which was attributed to the delicate balance of stretching free energies of A and B arms.
The interpretations of the phase behavior were found to be consistent with the SAXS

measurements performed for PS-Plz miktoarm star copolymers.
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Figure 1. 12: (a) Behavior of the spinodal curves for diblock and different ABn miktoarm
copolymers with n =1,2, 3, and 4. The experimental results from an AB: (solid sphere) and the
two ABs (hollow square, hollow sphere) miktoarm stars have been marked. (b) Critical values of
¥Nt plotted as a function of the number of arms of the B-blocks (images taken from reference
99).

Grason and coworkers investigated the phase behavior of AB, miktoarm star copolymers using
the SCFT in the strong segregation limit.*®® They mainly focused on the role of A-B interface in
determining the overall phase behavior of these miktoarm copolymers. They found that the phase
diagrams were not symmetric at ¢ = 0.5 unlike diblock copolymers and are shifted towards higher
volume fractions of A. It was noticed that the shape of the A-B interface is extremely sensitive to
molecular asymmetry and is highly distorted for n > 3. They observed an increase in the stability

of the A15 phase of spherical micelles with increase in the value of n, which was not observed for
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linear diblock copolymers. Later on, the phase diagram for AB> miktoarm star copolymer was
constructed by Matsen and coworkers and different morphologies, such as perforated lamellae
(PL) and Fddd (O, orthorhombic and single-network structure) near the gyroid phase were
observed.”®1%! The phase diagram of AB. miktoarm copolymers was also predicted using
dissipative particle dynamics, by varying the composition and the interaction parameters.%? These
simulations considered hydrodynamic interactions and fluctuations and the results were found to
be consistent with the SCFT calculations. Although in contrast to SCFT predictions, according to
which the samples with low volume fraction of B can easily form ordered microstructures; tube
like microstructures were predicted by dissipative particle dynamics. The overall radius of gyration
for the AB> miktoarm copolymer was found to increase with an increase in the interaction
parameter between the two blocks.

The A-B-C miktoarm copolymers offers a diverse range of unique morphologies including
quasicrystalline or Archimedean tiling pattern due to the connectivity of three incompatible arms
to a single point.!®® This molecular architecture affects the microphase separation of these
terpolymers into different morphologies which were not observed for linear diblock copolymers.
The unique feature for the A-B-C star triblock copolymers is the arrangement of their junction
points, which are located on a one dimensional line where the three kinds of the interfaces meet
together.

Wang and coworkers used a coarse-grained free energy function to numerically investigate the
different stable and metastable structures for A-B-C star triblock copolymers.’%* Using Monte
Carlo Simulations, Gemma and coworkers plotted the phase diagram of A-B-C miktoarm star
copolymers in the strong segregation limit, assuming symmetric interactions between the three

arms.1® They predicted the phase behavior with the composition ratio fa:fs:fc = 1:1:x and five
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kinds of 2D cylindrical phases, three lamellar-type phases, and two continuous matrix phases were
observed (Figure 13). Later on, they constructed a triangular phase diagram for the miktoarm
triblock copolymer system which showed 2D Archemidian tiling patterns.'®® Dynamic Density
Functional Theory was also used to study the localization of junction point of the A-B-C miktoarm
star terpolymers.1%7 It was observed that with increase in the miscibility of one block with the other
two blocks, the junction points were distributed over the inter-material dividing surfaces in contrast
to lines signifying the role of interaction parameter on microphase separation and the positioning

of junction points.
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Figure 1. 13: Phase diagram of A-B-C star polymer systems with arm-length ratio 1:1:x and for
symmetric interaction of the three blocks. The three blocks are depicted as A (light gray), B
(medium gray), and C (dark gray) (taken from reference 105).

Kirkensgaard performed the coarse-grained Molecular Dynamics (MD) simulations on the tiling
patterns for A-B-C star triblock copolymers. They predicted a rich polymorphism beyond the
single [12.6.4] hexagonal mesophase and found that additional mesophases are likely to form by
using selective solvents which dissolve a particular block. They stated that the complex prismatic
phases related to 2D tiling patterns of the plane forms mainly due to the interfacial energy of the
star triblock copolymer, irrespective of their molecular weights. The formation of lamellae

morphology for A-B-C miktoarm star copolymers with yas >> yac = ysc was investigated by Abetz
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and coworkers and it was found that the C microdomain separates the A and B microdomains with
a small fraction of A and B chains located in the C domain because of the junction point of three
arms.%1% Therefore, in the lamellar superstructure there is a ‘‘mixed’’ domain containing the
chains for all three blocks but mainly comprises the block with the lowest degree of
incompatibility. However, due to unfavorable A/C and B/C interactions the A and B chains stretch
away from each other in the mixed C domain and compress the C chains to minimize the chain
interactions. It was witnessed that the period of these superstructures decrease with an increase in
the length of the block C (the one with the lowest interaction parameter). Although when the
overall length of the three blocks increase, the domain spacing increases similarly to linear A-B-
C triblock terpolymers.

Several theoretical investigations have also been done to study the phase behavior of A-B-C star
triblock copolymers using SCFT. Yang and coworkers predicted nine stable microstructures for
symmetric star architecture using SCFT.% They found that the morphology is mainly controlled
by the strong topological constraints for the symmetric star and this effect vanishes when either
one of the three blocks is in minority. Shi and coworkers studied the phase behavior for symmetric
and asymmetric types of star triblock copolymer system using SCFT and constructed their phase
diagrams.*1% They observed various tiling patterns which were in qualitative agreement with
experimental results and previous theoretical studies using the Monte Carlo simulations. They
further explored the stability of different hierarchical lamellar morphologies in A-B-C star triblock
copolymers and analyzed their relative stabilities by comparing their free energies among the
lamellar morphologies with various shift angles. A tricontinuous structure with monoclinic
symmetry called the 3ths(5) was found using SCFT simulations for the A-B-C triblock copolymer

system with an introduction of an extended molecular core.!*? The core tunes the entropic and
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enthalpic free energy contributions and increases the structural length scale by destabilizing the
hexagonal columnar phase to form less frustrated morphologies. Recently, Liang and coworkers
investigated the phase behavior of asymmetrically interacting A-B-C star triblock copolymers
using SCFT (Figure 14).1*2 They expanded the previous theoretical results from equal interaction
systems to unequal interaction systems and primarily focused on systems with yAC >y BC = yAB.
They constructed a triangular phase diagram and observed 15 ordered phases, including two- and
three-dimensional structures which were found to be in good agreement with previous studies. For
the triangular phase diagram constructed, it was noted that with an increase in the asymmetry, the

morphologies formed are shifted more towards the B-rich corner of the triangular phase diagram.

Dissipative particle dynamics also have been adopted to simulate the phase behavior of A-B-C
miktoarm star copolymers with equal interaction parameters and fixed value of Nt (Na+ Ng+
Nc).1* For the triblock copolymers with comparable volume fractions of the three arms, three-
phase polygonal morphologies mainly [6.6.6], [8.8.4], [10.6.4;10.8.4] [3.3.4.3.4], [10.6.6;10.6.4]
were observed. The polygonal morphology observed is primarily determined by the volume
fractions of each arm and is independent of the interaction parameters. When two of the three
blocks are in the minority, the resulting morphology is greatly influenced by the interaction
parameter as the two minority components phase mix and the system forms a one-length-scale
ordered morphologies. The two phase mixed blocks can later phase separate with increase in the

interaction parameter between the two blocks.
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Figure 1. 14: Different ordered phases of A-B-C star triblock copolymers predicted using the
SCFT calculations with yacN = 50.0, yasN = yscN = 30.0. The colors red, green, and blue
indicates A, B, and C, respectively. The different hierarchical structures include 2D cylinders-in-
lamella phases (L+C), and 3D hierarchical cylinders packed hexagonally (HHC), two kinds of
cylinders in-lamella phases, with cylinders being packed hexagonally (HPL) and tetragonally
(TPL), and hierarchical double-gyroid phases (HDG). The HC, BCC, and DG represent the
core—shell phases of hexagonally arranged cylinders, spheres in body-centered-cubic lattice, and
double-gyroid, respectively (reprinted from reference 111).

1.3.2.2 Experimental Observations for A-B-C Miktoarm Triblock Copolymers

Several groups have investigated the morphological phase diagram for different miktoarm star

copolymers. Hadjichristidis and coworkers studied the influence of architecture on the microphase
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separation for PS-PI miktoarm star copolymers. They observed hexagonally packed cylindrical
morphology for PS-Pl2 in contrast to the lamellae or bicontinous morphology expected with similar
volume fraction for the linear PS-P1 diblock copolymer (Figure 15). This was related to the effect
of miktoarm architecture on the curvature energy of the interface.'*>!® The phase boundary
between the two microdomains for PS-Pl> miktoarm star copolymers was found to be shifted

towards higher volume fraction of PS compared with linear P1-b-PS diblock copolymers.*
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Figure 1. 15: Comparison of observed morphologies with the theoretical prediction by Milner for
AnBn miktoarm copolymers (reprinted from reference 117).
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Later on, PS-PI, miktoarm star copolymers system with 53% and 81% vol fraction of PS were
shown to form bicontinuous cubic morphology and randomly oriented worm micelle morphology
respectively.!®® Following the investigations on PS-Pl, miktoarm star copolymers, PS-Pl;
miktoarm star copolymers were synthesized and studied for their phase behavior. It was found that
the phase boundary between the two microdomains for PS-Plz miktoarm star copolymers was
shifted more towards higher PS volume fraction. This shift in phase boundary increases with an
increase in the number of Pl arms. This was due to the higher curvature of the PS/PI interphase
which gets curved more towards PS due to the overcrowding of Pl arms and therefore providing

the required space for the Pl chains to pack without a severe energy penalty due to chain
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stretching.!'® Studies for PS-Pls miktoarm star copolymer system show the formation of chevron
tilt grain boundaries in lamellae forming PS-Pls at 58 vol % of PS. This is because of the energy
penalties for curving the lamellae interface due to large packing constraints of the Pl arms (Figure

16).120
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Figure 1. 16: TEM images for PS-Pls miktoarm copolymers showing chevron tilt boundaries for
58 % volume fraction of PS. (a) broken chevron (b) broken chevron with cylinders (¢) broken Q

with cylinders (reprinted from reference 120)

Mavroudis and coworkers synthesized PS-P2MP and PS-P2MP3z (P2MP- poly(2-methyl-1,3-
pentadiene) miktoarm star copolymers and studied their phase behavior. The morphological
behavior of these PS-P2MPs miktoarm copolymers was determined using TEM, SAXS and
differential scanning calorimetry (DSC) and showed more parallel boundaries between the phases
compared to the curved boundaries observed PS/PI morphological system and Milner’s theory.
Interestingly, PS-P2MP3 system showed the presence of a biphasic structure of 1D-lamellar and
3D-double gyroid structure with large grain order for 74 vol% of PS which was not predicted by

Milner. These variations in the phase behavior were assigned to the large differences in

characteristic ratio (Co) and glass transition temperature (Tq) of P2MP and P1.2
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The AB2 and ABs miktoarm star copolymers with maltoheptaose as block A and PCL as block B
were investigated for their phase behavior and BCC morphologies were observed for 9 vol % and
18 vol % of A block. The d-spacing of these microstructures was found to be smaller than those
for corresponding linear diblock copolymers and decreased with an increase in degree of branching
of the PCL blocks. Sub 10 nm d-spacing could be achieved because of the high interaction
parameter between the two blocks. It was also noted that the miktoarm copolymers with higher
degree of branching exhibited smaller morphological features.*?? In contrast, the A2B miktoarm
star copolymer for the same polymer system was shown to form a lamellae morphology even with
very low 16% volume fraction of the A block due to architecture induced molecular asymmetry
which lowers curvature at the interface.!?3

Among the different AnBn type miktoarm star copolymers, Gido and coworkers synthesized PSgPlg
miktoarm star copolymers with 37, 44, and 47 vol % of PS and total molecular weight ranging
from 330 to 894 kg/mol.1?*125 |n agreement to theoretical predictions, they obtained lamellar
morphologies for all the samples similar to the phase behavior predicted for linear diblock
copolymers with the same relative volume fractions. These results were further compared to
miktoarm copolymers with different graft point functionality and it was noted that with increase
in the value of n for PSPl miktoarm star copolymers, the domain spacing increases as a result of
chain stretching away from the core by each polymer segment to minimize chain crowding.
Among the different A2B2 type of miktoarm copolymers, PS,PB, miktoarm star copolymer
investigated by Turner and coworkers showed lamellar morphology and the molecular spacing
was found to be higher compared to the symmetric PS-b-PB diblock copolymer. The interfacial
area per molecule for (PS)2(PB). miktoarm star copolymer was similar to that for (PS)s(Pl)s

miktoarm star copolymer studied by Gido et al.. Later on Gido and coworkers synthesized five

28



different samples of PSPl and observed their morphology using TEM, SAXS and Small Angle
Neutron Scattering (SANS). The morphologies observed were in qualitative agreement with
Milner’s theory as they lie in the strong segregation limit.12612” The PS,PI, miktoarm system with
28 vol % of PS formed cylindrical morphology although lamellae was predicted and the 58 vol %
of PS sample exhibited a cylindrical morphology, while a bicontinous morphology was predicted
by Milner. This was related to the instability of bicontinous morphology in the strong segregation

limit due to increased packing frustration.
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Figure 1. 17: Schematic representations of the phase separated morphologies in the solvent-
annealed star polymer film showing the transition from an in-plane oriented HEX truncated PS
cylinder and PMOS triangular prism structure for temperature range 25-190 °C; a mixture of the
type A HEX structure and its rotational isomer (the type-B HEX structure, namely, the 30°-
rotated HEX structure in the range of 190—220 °C; a mixture of the type-A and -B HEX
structures formed in the range 220—-30 °C.(taken from reference128)

The self-assembled morphologies of A3BzCz miktoarm star copolymer composed of PS, PI, and
poly(4-methoxystyrene) (PMOS) were studied.'?® With individual volume fractions of the PS,
PMOQOS, and PI being 31.4, 29.4, and 39.2% respectively, a highly ordered in-plane oriented
hexagonal structure consisting of truncated PS cylinders and truncated PMOS triangular prisms in
the PI matrix were observed using in situ Grazing Incidence Small Angle X-ray Scattering

(GISAXS). This hexagonal structure was found to undergo a rotational transformation to give a
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30°-rotated hexagonal structure at temperatures above 190 °C up to 220 °C, which existed even
after subsequent cooling (Figure 17).

A-B-C miktoarm star copolymers have displayed interesting morphologies and the most common
systems studied so far are mainly PI-PS-P2VP and PS-PB-P2VP abbreviated as ISP and SBV
miktoarm copolymers. Hadjichristidis and coworkers investigated the phase behavior of ISP
miktoarm star copolymers and found their morphologies similar to those of PS(PI)> miktoarm
copolymers because of the similar y values for Pl and PB, which led to phase mixing of PB and Pl
blocks.!® Okamoto and coworkers studied the phase behavior of PS, PDMS and PTBMA
(poly(tert-butyl methacrylate)) miktoarm star copolymers using TEM, SAXS and DSC. Due to
high y values between the three blocks, special microdomains were observed for the PS-PDMS-
PTBMA star copolymer with ratio of PS/PDMS/PBMA = 36/26/38 (wt %).**° Since the chemical
junction for the A-B-C star copolymer is confined to a line where the three interfaces meet, it can
lead to highly complicated microdomain structures. They confirmed the presence of regular
microdomain structure with three-fold symmetry, where each microdomain forms a 3D continuous
network domain resulting in an ordered tricontinuous microdomain structure.

The phase behavior of PS-PI-PMMA miktoarm star copolymer was investigated by Thomas and
coworkers.®! Since the y value between PS-P1 and PMMA-PI is high as compared to PS-PMMA
the system showed three-microphases and 2D periodic microstructure of an inner P1 column with
a surrounding PS annulus in a matrix of PMMA. No interface between the Pl and PMMA was
observed which implies the PS and PMMA is phase mixed and the PMMA arms passes through
the PS domain to reduce the unfavorable contact with Pl. The samples with the longer PMMA
blocks showed cylindrical PI-PS and PS-PMMA interfaces, whereas a non-constant mean

curvature concentric diamond prism shape of the Pl and PS microdomains was observed for low
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PMMA and high PI volume fraction. The sample with PS/PI/PMMA = 38/28/34 vol % displayed
a unique morphology with the PMMA microdomain surrounded by alternating Pl and PS
hexagonally packed cylinders with pemm symmetry (Figure 18 (I)).

The phase behavior of PS-PI-PDMS miktoarm star copolymers was studied and three dimensional
microdomain structure was observed for the symmetric system.'? The morphology was analyzed
using the Energy-Filtered TEM (EF-TEM) in conjugation with 3D electron tomography and for
this purpose two kinds of specimens were analyzed under the TEM, one without stain and the other
sample was stained with OsOas. Since only a single phase could be observed under the TEM, it was
difficult to analyze the 3D microdomain structure for the miktoarm system. Using the EF-TEM
complex microdomain morphology with three different cylindrical structures existing together was

identified (Figure 18(II)).
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Figure 1. 18: (I) Morphologies for PI-PS-PMDS (a) projected view of alternating cylinders (b)
junction point depiction of miktoarm star copolymers (c) EF-TEM image for unstained PI-PS-
PDMS miktoarm star copolymer (d) EF-TEM image for P1-PS-PDMS miktoarm star copolymer
stained with OsO4 (Image taken from reference 132).(11) Chain projections junction points for
PS-PI-PMMA miktoarm copolymers (Image taken from referencel31)

Stadler and coworkers synthesized PS-PB-P2VP miktoarm star copolymers and studied their phase
behavior with varying volume fraction of each block.'*® Based on the composition, the system

displayed three different kinds of morphologies. When the P2VP volume fraction is low, dense
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packing of cylinders with tetragonal or distorted hexagonal morphologies were observed and on
increasing the volume fraction to 50-60 vol %, it was shown to have a hexagonal morphology with
the junction points lying along the line. With higher PB volume fraction than PS, lamellar
morphologies were formed irrespective of the volume fraction of P2VP, attributed to the higher y
between PB and P2VP. There was no spatial confinement of the junction point along the one
dimension and it was predicted that the shorter PS blocks shields the PB lamellae from the P2VP
lamellae similar to the core-shell morphologies.

Matsushita and coworkers first reported the Archimedean tiling pattern for the A-B-C star triblock
copolymers containing PI, PS and P2VP.3* They synthesized PS-PI-P2VP Miktoarm copolymers
with PS:PI:P2VP volume fractions being 1:1:0.7, 1:1:1.2, and 1:1:1.9.'% Three-phase
microdomain structures were observed for all the samples using TEM and electron tomography
(Figure 19). One sample in particular, with volume fraction ratios of 1:1:0.7, showed a
honeycomb-type structure having three different cylinders aligning themselves hexagonally with
their junction points lying in 1D at the intersection of the three microdomains. The other two
samples showed cylindrical morphology with 4-fold and 6-fold symmetry. Many defects in the
morphologies were found as compared to linear copolymers due to the time taken to form a stable
structure. This is mainly due to the fact that the junction point for the diblock copolymers can
move in a 2D plane compared to 1D for A-B-C miktoarm copolymers. This free movement allows
the diblock copolymers to attain more stable structures with less defects contrary to the A-B-C
miktoarm system. They also synthesized PS-P1-P2VP Star triblock copolymers with volume ratios
1:1:X, where X varies from 0.2 to 4.9 and hierarchical nanophase-separated structures were
obtained. The terpolymers with X = 0.2 showed lamellae morphology with spheres at the interface;

for 0.4<X<1.9 cylindrical structures with 2-D tiling patterns were observed; for 3.0<X<4.9 the
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system showed cylinders in lamellae morphology.’’ Recently, Almdal and coworkers synthesized
a series of polydimethylsiloxane [D], poly(1,4-isoprene) [I], and poly(methyl methacrylate) [M]
miktoarm copolymers and bulk morphologies with volume ratio of M/D = M/I = 0.8—13 with the
ratio D/l fixed at ~1 were explored and observed a morphological transition from [6.6.6]

cylindrical tiling to [ALT.LAM] and back to [ALT.CYL] with increase in the MW of the M arm.®

100 nm
Figure 1. 19: TEM micrographs PS-PI-P2V/P star triblock copolymers with different volume
fractions of P2VVP (image taken from reference 135).

They further explored the morphology of PS-PI-P2V/P star copolymers with volume fractions of
PS:PI:P2VP = 1.0:1.8:X (4.3< X <53).1% The system was displayed three different hierarchical
morphologies; cylinders-in-lamella (4.3<X<11), lamellae-in-cylinder (12<X<32), and lamellae-
in-sphere structure (X = 53). For cylinders-in-lamella morphology, the Pl and PS chain consists of
cylindrical PI domains in lamellar PS matrix oriented perpendicular to the lamellar planes and this
combined layer forms alternating lamellar morphology with layers of PS domains (Figure 20).
Although various structure-in-structure morphologies has been reported but hierarchical
morphology consisting of cylinders in lamellar structure were reported for the first time in contrast

to the previously reported hierarchical morphology of smaller lamellae in larger lamellar structure.
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Figure 1. 20: TEM micrographs for PS-P1-P2VP samples with different tilt angles (a) 0° (b) 25°
(c) 35° around the horizontal axis (d) systematic representation of the observed morphology
(reproduced from reference 136).

Continuing their work on PS-PI-P2VP star triblock copolymers Matsushita and coworkers
synthesized PS-PI-P2VP miktoarm star copolymers with varying volume fractions of the three
arms and observed kaleidoscopic morphologies with mesoscopic length scales (Figure 21).2” The
system displayed many three phase periodic structures with changes in the overall composition of
the star triblock copolymer. Four kinds of Archimedean tiling structures with individual volume
fractions of the symmetric star triblock copolymer were observed along with a quasicrystalline
tiling pattern with dodecagonal symmetry. With a small increase in asymmetry, a four-branched
zinc-blende type morphology was noticed which was related to the strong repulsive force between
Pl and P2VP which reduces the contact area between Pl and P2VP microdomains. Another
fascinating feature of this morphology was the major component forming a double network while
the minor one forming the gyroid membranes, in contrast to the usual expectation that minor
component forms double networks in block copolymer systems. Further increasing the asymmetry,
produced several hierarchical structures including hyperbolic tiling on a gyroid membrane,

cylinders-in-lamella, lamellae-in-lamella, lamellae-in-cylinder and lamellae-in-sphere.
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Figure 1. 21: Morphology phase diagram for PS-PI-P2VP miktoarm star copolymer system
(images taken from reference 137).

More interestingly, Matsushita and coworkers observed quasicrystalline tiling pattern with 12-fold
symmetry for the PS-PI-P2VP miktoarm star copolymers, which has not been displayed in any
other polymeric system (Figure 22).1% Manners and coworkers have recently studied the self-
assembly behavior of PS-PI-PFS miktoarm star copolymers (where, PFS is
poly(ferrocenylethylmethylsilane)). They system showed distinct morphologies with varying
volume fractions of the different arms along with two different Archimedean tiling patterns, [8.8.4]
and [12.6.4], and lamellae of PFS with alternating cylinders of PS and Pl which was in agreement

with the theoretical predictions.1
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Figure 1. 22: (a,b) TEM micrographs for different compositions of ISP terpolymers/S
homopolymer blend system: Pl(black), PS(white), and P2VP (gray). (c,d) Imaginary equilateral
triangle (Tri) and square (Sq) are superimposed on the TEM images to show the Archimedean
tiling pattern (reproduced from reference 103).

Lodge and coworkers investigated the micellar morphologies of PEO-PE-PF miktoarm star
copolymer (where, PE is polyethylethylene; PF is poly(perfluoropropylene)) in a dilute aqueous
solution.'*® Connecting the hydrophilic PEO and the two hydrophobic and immiscible components
(PE and PF) to a single junction point leads to molecular frustration when dispersed in aqueous
solution. The incompatible PS and PF hydrophobic blocks tend to form cores surrounded by the
PEO blocks, but both are forced to contact the PEO due to the chain architecture which leads to
the formation of multicomponent micellar morphologies. They observed flat interfaces in micellar
morphologies because of the super strong segregation between the hydrophobic PE and lipophobic

PFs. By tuning the volume fraction of the individual blocks, these morphologies can alter
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themselves to from discrete multi-compartment micelles to extended wormlike structure with

segmented cores.

1.4. Dissertation Outline

In recent years multiblock copolymers have gained considerable attention due to their ability to
offer immense potential for designing soft materials with complex architectures for diverse
applications. The enlarged parameter space for these multiblock copolymers gives access to a wide
variety of multiply continuous morphologies which can be used to produce highly ordered
nanostructures. The investigation on multiblock copolymers has been subjected to two critical
limitations: (i) A suitable synthetic strategy for accessing these structures and (ii) computational
tools which can help in application driven design of these molecules. In this dissertation, the goal
was to develop methodologies for the synthesis of multiblock copolymers with different
architectures and understand how the variations in molecular architecture can influence
macromolecular self-assembly.

In chapter 2, the concept of single molecule insertion (SMI) for precise insertion of functional
molecules is presented. The molecule precisely inserts once within the polymer chain with high
chain fidelity and provides functionalities for post-insertion modifications. A series of molecules
satisfying the criteria for SMI based on their reactivity ratios with styrene and methyl methacrylate
were examined and used to synthesize a series of multiblock polymers with complex architectures.
In chapter 3, a highly efficient synthetic methodology for synthesis of graft copolymers which lie
along the continuum of a 3-arm star and A-B-C linear triblock copolymer has been described. The
morphological characterization of the synthesized continuum graft copolymers is performed using
SAXS, TEM, and DPD simulations. Interesting morphologies are observed for these continuum

copolymers and projects them as interesting candidates to access new morphologies. Contrary to
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most of the work done on block copolymers, these structures are novel as their morphologies can
be tuned keeping the ¢ and y constant. This study helps in understanding of the effect of polymer
architecture on the phase behavior of these graft copolymers and provides a novel pathway to tune

the block copolymer morphologies.

In chapter 4, a series of PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP triblock copolymers
with extending P2VP arm has been synthesized. The study helps in extending the concept of high
x-low N block copolymer system from diblock to triblock copolymers. The morphologies of the
synthesized triblock copolymers were characterized using SAXS and TEM and morphologies with
multiple domains and smaller feature size were observed. Also, the effect of extending chain length
of P2VP arm on the phase diagram on these highly frustrated triblock copolymer systems was
studied and the observed morphologies using SAXS and TEM were mapped with the theoretical

predictions.
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CHAPTER I

SINGLE MOLECULE INSERTION AND ITS APPLICATIONS FOR

SYNTHESIS OF FUNCTIONAL MATERIALS

2.1 Introduction

With development of different controlled polymerization techniques, significant advancement has
been made in controlling the primary structure of synthetic polymeric materials.’®> However,
precise control over the arrangement of different monomer units within a polymer chain is
challenging and requires development of different synthetic strategies. Synthetic polymers used
for a variety of applications are mainly homopolymers or copolymers with chain microstructure
being either random or block. When compared to biological macromolecules, these polymers lack
functional and structural complexity due to the limitation of forming precisely regulated monomer
sequences. Recently, there has been increasing efforts to develop synthetic procedures capable of
mimicking the precision of monomer sequence exhibited by natural polymers such as nucleic
acids, carbohydrates, peptides and proteins.®® The success in replicating these precise structures
in synthetic polymers would be valuable in the field of nanomedicine and nanotechnology.
Controlling the microstructure within a polymer chain itself can have a profound impact on the
overall macroscopic properties of polymers, and can play an important role in creating
functionalities for molecular targeting, recognition, biocatalysis and molecular level information

storage.®> !

Over the past few years, notable progress has been made by synthetic chemists in developing

protocols for step-growth and chain-growth polymerization to control the primary sequence of
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polymers.” Different terminologies have been used in the literature to define these polymers, the
most-common being ‘“sequence controlled polymer” which refers to polymer with ordered
monomer repeating units, segments or functionalities on the polymer chain.2 Other nomenclatures
used are “sequence regulated polymer”, “sequence specific”, “sequence defined” and “aperiodic
polymer”, but the exact nomenclature is still under debate.*!" Different approaches have been
developed to synthesize sequence controlled polymers which includes chain-growth
polymerization, step-growth polymerization, multicomponent reactions, single monomer

insertion, template polymerization, solid-phase synthesis and synthesis of multiblock copolymers

using built-in sequence.*®

Since precise control over macromolecular sequence in polymeric materials involves step-growth
processes, where addition of a single monomer unit on the growing chain-end by an iterative
addition—-activation process is performed to achieve the desired sequence. These processes
primarily include esterification,*® nitrone-mediated radical coupling,?® amidation,?® Horner—
Wadsworth-Emmons (HWE) chemistry,?? Wittig olefination,?® Passerini reaction,?* thiolactone
chemistry?® and alkyne-azide Huisgen cycloaddition.?® You and coworkers have recently designed
a one-pot method for synthesis of sequence controlled polymer consisting of a short sequence of
monomers which were synthesized using sequential addition of different monomers via a
combination of different organic reactions.?” Although, the precision and reliability of these step-
growth approaches for sequence control is quite high, the inability to use these for synthesis of

polymers, high costs and scalability are some major concerns which limit their use.

Solid state Merrifield-Synthesis has been widely appreciated as a tool for development of
macromolecular structures with precise monomer sequences of artificial peptides on a solid

support.8?1 However, synthesis of relatively short peptides limits this method, along with
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consecutive protection-deprotection reactions and various purification steps. These processes
make it highly time consuming and restricts its scalability. Higashimura and coworkers
synthesized the sequence-controlled oligomers of vinyl ethers and styrene derivatives via living
cationic polymerization.?® Kamigaito and coworkers used atom transfer radical polymerization
(ATRP) to synthesize sequence defined copolymers of styrene, acrylate and vinyl chloride from

defined oligomers.?°

Recently, Single molecule insertion (SMI) has gained considerable attention as an effective
strategy to synthesize polymers with a variety of pendent functionalities and to achieve more
complex architectures such as graft, branch and dendritic polymers.®>-32 In late 1980’s, Zard and
coworkers first performed the SMI of an N-alkylmaleide or a vinyl sulfone into a xanthate.3 Later
on, Chen and coworkers inserted a single unit of styrenic derivatives into dithiobenzoate macro-
RAFT agents,* and since then this technique has been widely used for chain-end functionalization
using different molecules including maleic anhydride,® N-alkyl maleimides®® etc. Tsanaktsidis
and coworkers used radical addition reversible transfer polymerization (RAFT) to sequentially
insert two single monomer units into a RAFT agent.3” They first inserted a single styrene unit
which was followed by insertion of a single N-isopropyl acrylamide (NIPAM) monomer into a
trithiocarbonate RAFT agent. Each insertion step was followed by purification of the macro-RAFT
chain transfer agent (CTA) using column chromatography. However, due to separation limitations
further single monomer insertion could not be achieved. Utilizing the concept of strong cross-
polymerization behavior of maleimides and maleic anhydrides with styrene, various controlled
radical polymerization techniques such as ATRP, Nitroxide Mediated Polymerization (NMP) and
RAFT have been used to synthesize AB alternating monomer sequences. Lutz and coworkers have

demonstrated that the addition of maleimides in small quantity at specific conversion of styrene
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polymerization can vary the maleimides units from 8-10 units to 1 monomer unit insertion at
precisely located position on the polystyrene backbone.*®*° They successfully installed a series of
different functionalities into a polystyrene backbone in a sequential manner and demonstrated the
possibility of further controlling the sequence of the polymer using automated synthetic
protocols.*® Huang and coworkers exploited the concept of the radical addition on unconjugated
double bonds as an effective strategy to perform SMI on the ATRP chain-end.** They added one
allyl alcohol molecule on the ATRP chain-end (PMMA) using atom transfer radical addition
(ATRA), and then oxidized the hydroxymethyl residue to a carboxylic acid, which was later
converted to an ester to yield an active side group for further chain extension. Photo-induced
copper-mediated radical polymerization has also been used to synthesize monodisperse sequence
defined acrylate oligomers via consecutive SMI reactions and purifying the desired product using
column chromatography or preparative Gel Permeation Chromatography (GPC).*> Recently,
Kamigaito and coworkers synthesized main and side chain sequence-regulated vinyl copolymers
using a 2 step synthetic process.*® First, the synthesis of sequenced “oligomonomers” was
performed using iterative atom transfer radical addition (ATRAS) of vinyl monomers for side chain
control and secondly, 1:1 or 2:1 alternating radical copolymerization of the synthesized
oligomonomers and vinyl comonomers was performed for main chain control. In addition to the
living radical polymerization techniques, O’Reilly and coworkers utilized the reactivity of exo and
endo isomers of functional norbornenes to control the monomer sequence in ring-opening

metathesis polymerization (ROMP) to give sequence controlled functionalized polynorbonenes.**

2.2 Molecules for Single Molecule Insertions in Different Polymers

Controlling the primary structure of the polymer chain in a chain-growth polymerization is

synthetically challenging due to the difficulty in tuning the reactivity of the highly reactive
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transient species (radicals or ions). Inability to control the reactivity of the two monomers A and
B when copolymerized, creates undefined co-monomer sequences. The reactivity between the two
co-monomers is primarily dependent on their intrinsic chemical reactivity which is quantified by
the reactivity ratios between the two monomers or by the Q—e scheme, where Q expresses the
monomer reactivity using resonance stabilization and e measures its polarization considering the
functional group attached to the vinyl group. These parameters define the primary sequence in a
copolymer being statistical, random, block or alternating sequences obtained in a chain-growth
radical, anionic or cationic polymerization. The most fascinating among these sequences is the
alternating sequence, which is the only perfectly controlled primary structures synthesized in a

chain-growth process.

Utilizing several alternating monomer sequences reported in the literature, we screened molecules
whose reactivity ratio with the monomer comprising the polymer chain is zero and do not
homopolymerize. These molecules should insert precisely once into the polymer chain-end with
high fidelity and provide functionalities for post-insertion modifications. A series of molecules
satisfying the criteria for single molecule insertion mentioned in the previous section were
investigated based on their reactivity ratios with styrene and methyl methacrylate and Q—e scheme.
Different molecules were examined for SMI on polystyrene and poly (methyl methacrylate) and
were used to synthesize a series of polymers which lie along the continuum of a 3-arm star and A-
B-C linear triblock copolymers as described in Chapter 3. The molecule for SMI needs to insert
only once within the polymer chain while maintaining its livingness for subsequent chain
extension. Furthermore, the single molecule inserted should have the required functionality for
grafting of the third polymer chain. With this overall approach we have the unique opportunity to

move along the continuum between 3-arm star and A-B-C linear triblock copolymer.
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2.3 Experimental Procedure
2.3.1 Insertion Chemistry

The insertion chemistry was performed on the PS or PMMA macro-RAFT agent using excess of
the candidate molecule for SMI. PS or PMMA macro RAFT agent (lequiv.) was placed in a
reaction vial and was dissolved in an appropriate amount of 1,4 dioxane. The candidate molecule
(3 equiv.) and the initiator AIBN (0.1 equiv.) was added to the reaction mixture and the reaction
vial was sealed. The reaction mixture was degassed by purging with nitrogen for 15 min and kept
in oil bath at 60 °C for 3 days to ensure completion insertion of the candidate molecule at the PS
or PMMA chain-end. The reaction mixture was then precipitated in methanol, filtered and dried
under vacuum for 24 h to yield either PS-SMI or PMMA-SMI macro-RAFT agent. The insertion
efficiency of the candidate structure was then analyzed using Electrospray lonization Mass

Spectroscopy (ESI-MS) and *H NMR spectroscopy.

2.3.2 Chain Extension after SMI

To further demonstrate the “livingness” of the PS-SMI or PMMA-SMI macro RAFT agent, chain
extension with either styrene or MMA was performed. PS-SMI or PMMA-SMI macro-CTA was
placed in a reaction vial and dissolved in an appropriate amount of 1,4 dioxane. The initiator AIBN
(macro-CTA: AIBN ratio (20:1)) along with the calculated amount of styrene or MMA were added
to the reaction mixture. The reaction vial was sealed and purged with nitrogen for 15 mins and
placed in a preheated oil bath at 60 °C and allowed to react for a defined amount of time to achieve
the desirable conversion. After completion, the reaction mixture was diluted using ethyl acetate

and precipitated in methanol. The precipitated polymer was filtered and dried for 24 h under
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vacuum, and was analyzed using GPC. The complete clean shift of the characteristic polymer peak
towards lower retention times in GPC helped in examining the efficacy of the PS or PMMA-SMI
macro CTA for chain extension, thus confirming the livingness of the polymer chains for

subsequent monomer addition.

2.3.3 Grafting Chemistry

The synthesized homopolymer PS-SMI-PS was dissolved in chloroform in a 20-mL reaction vial
and amine-terminated PEO (1.1 equiv.) was added. NEts (0.1 equiv.) as base was added and the
vial was sealed and placed in a preheated oil bath at 60 °C for 3 days. On completion, the reaction
mixture was diluted with ethyl acetate, precipitated in cold diethyl ether, and dried under vacuum
for 24 h. To remove the excess PEO, the dried polymer was washed with H,O:MeOH (9:1) solution
mixture to yield PS-PFPMI-PS-g-PEO miktoarm copolymer. Following the similar procedure,
amine terminated PEO was grafted onto PMMA-SMI-PMMA to yield PMMA-PFPMI-PMMA-g-

PEO miktoarm copolymers.

2.4 Results and Discussions

Taking advantage of different chemistries for synthesis of sequence defined polymers mentioned
above, one can successfully insert interesting molecules within a polymer backbone at different
positions. The techniques can be advantageous to synthesize polymers with different architectures
including 3-arm star, miktoarm, graft and linear polymers where the architecture of these polymer
is controlled by the location of the inserted single molecule within the polymer backbone. The
different candidate molecules studied for SMI on PS chains are listed in Figure 1 and for PMMA

chains are listed in Figure 2.
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N 9 J/
FE F o . HO
Ry °

Pentaflurophenyl Maleimide ester (PFPMI) ~ Oxo-Norbornene Anhydride Allyl alcohol

Figure 2. 2: Candidate molecules for SMI on PMMA chain.

The proficiency of these molecules to precisely insert once onto the polymer backbone was
analyzed using ESI-MS. The shift in the molecular weight distribution of the polymeric chain by
molecular mass of the candidate molecule after the insertion chemistry helped in determining the

efficiency of the candidate molecule to insert onto the polymer chain-end.

Using RAFT methodology, the single insertion of PFPMI molecule was performed at the PS chain-
end to yield PS-PFPMI macro-CTA as described in Scheme 1. Successful single insertion of
PFPMI molecule was confirmed by performing the ESI-MS on both PS macro-CTA and PS-
PFPMI macro-CTA. The ESI-MS of PS-PFPMI macro-CTA revealed the shift in the molecular
weight distribution by 383.23 g/mol corresponding to the molecular weight of PFPMI as shown in
Figure 3 validating only one insertion at the PS chain-end. The single PFPMI monomer insertion
was also confirmed using *H NMR and peaks between 6 8.0-8.2 ppm corresponding to the aromatic

ring of PFPMI monomer were observed (Figure 4).
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Scheme 1: Single molecule insertion of PFPMI and synthesis of PS-PFPMI-PS-g-PEO block

copolymer.

The end-group analysis of the PS-PFPMI chains shows the presence of the tri-thiocarbonate RAFT
CTA which affirms its attachment to the polymer chains after the SMI. To demonstrate the
livingness of the PS-PFPMI chains, chain extension was performed using styrene and a complete
shift in the GPC was observed from 3.9 Kg/mol for PS-PFPMI macro-CTA to 21 Kg/mol for PS-
PFPMI-PS homopolymer (Figure 5 (a)) with the overall dispersity remaining low (<1.1). After
successful insertion and chain extension, subsequent grafting of amine terminated PEO was

performed utilizing activated ester chemistry (Figure 5 (b)).
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Figure 2. 4: 'H NMR data for SMI of PFPMI molecule, inset is the aromatic region for PFPMI
molecule (top) on PS chain-end (bottom).
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Figure 2. 5: GPC traces for PS, PS-PFPMI (left) and PS-PFPMI-PS and PS-PFPMI-PS-g-PEO
copolymer (right).

The single molecule insertion of oxo-norbornene anhydride at the PS chain-end was performed as
described in Scheme 2. A shift in molecular weight distribution for the PS chain by 122 g/mol was
observed using ESI-MS after single insertion of oxo-norbornene anhydride molecule. The standard
operating temperature for ESI-MS is approx. 200 °C, therefore a shift of 122 g/mol was observed
as opposed to the expected 166 g/mol (MW of oxo-norbornene anhydride) (Figure 6). This can be
attributed due to the tendency of anhydrides to liberate CO- at elevated temperatures.*® The end-
group analysis of the PS chain after SMI and the GPC data for PS chain extension confirms the
livingness of the polymer chains after the SMI of oxo-norbornene anhydride (Figure 7). The
grafting of amine terminated PEO onto the PS backbone at the oxo-norbornene anhydride junction
clearly demonstrates the nucleophilic addition of the PEO arm to yield PS-b-PEO miktoarm
copolymer with the ability to vary the location of the PEO arm on the PS backbone. When excess
of PEO was used, this molecule can allow synthesis of miktoarm copolymers with the ability to

insert two arms at a defined position within a polymer backbone.
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Scheme 2: Single molecule insertion of oxo-norbornene anhydride and synthesis of PS-Nor-An-

PS-g-PEOQ block copolymer.
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Figure 2. 7: GPC traces for PS homopolymer, PS-Nor-An-PS and PS-Nor-An-PS-g-PEO
copolymers.

Similarly, the single molecule insertion of the two isomers dimethyl fumarate (DMFu) and
dimethyl maleate (DM), were performed as described in Scheme 3. A shift in the PS molecular
weight distribution by 144.12 g/mol using ESI-MS confirmed the single insertion of the two
isomers at the PS chain end (Figures 8,9). The livingness of the PS chain after successful single
insertion was confirmed by the end-group analysis and GPC data obtained for the PS chain
extension (Figure 10). These molecules can be further modified for post-polymerization
chemistries to synthesize miktoarm copolymers with the ability to insert two arms at a defined

location.
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Scheme 3: Single molecule insertion of dimethyl fumarate and dimethyl maleate.
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Figure 2. 10: GPC traces for PS homopolymer, and PS-DMF-PS.

Different molecules were investigated for SMI within PMMA chain including oxo-norbornene
anhydride (Nor-An), pentafluorophenyl maleimide ester (PFPMI) and allyl alcohol (AA). The
single molecule insertion of oxo-norbornene anhydride (Nor-An) on the PMMA chain was
performed as shown in Scheme 4. The single molecule insertion at the PMMA chain-end was
confirmed using ESI-MS. The MW distribution for PMMA chains was shifted by 122 g/mol
instead of 166 g/mol due to the susceptibility of anhydrides towards losing CO: at the elevated
operating temperature for ESI-MS (Figure 11). A subsequent shift in the PMMA-Nor-An GPC
trace after chain extension confirmed the livingness of the PMMA-Nor-An chains after single
molecule insertion. After successful insertion and chain extension, the PEO chain was grafted on
the PMMA-Nor-An-PMMA homopolymer by performing nucleophilic addition using amine
terminated PEO in the presence of NEtz as base. The shift in the GPC trace after PEO grafting
clearly demonstrates the high efficiency of the reaction and the ability to synthesize miktoarm

copolymers with precise grafting position within the PMMA chain (Figure 12).
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Figure 2. 11: Molecular weight distribution using ESI-MS for PMMA (left) and PMMA-Nor-An
(right).
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Figure 2. 12: GPC traces for PMMA homopolymer, and PMMA-Nor-An-PMMA and PMMA-
Nor-An-PMMA-g-PEO block copolymers.

Single molecule insertion of PFPMI was performed as described in Scheme 5. The single insertion
of PFPMI was confirmed using ESI-MS with a MW shift for PMMA chains by 383.23 g/mol
corresponding to the MW of PFPMI (Figure 13). After single insertion, chain extension with MMA
was performed which led to an uncontrolled increase in MW over short polymerization times.
When the chain extension was performed using styrene, a controlled increase in the MW of styrene
was observed confirming the livingness of the PMMA-PFPMI chains. Amine terminated PEO was
used to graft the PEO arm on the PMMA-b-PS diblock to yield PMMA-b-PS-g-PEO 3-arm star

copolymer (Figure 14).
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Figure 2. 13: Molecular weight distribution using ESI-MS for PMMA (left) and PMMA-PFPMI
(right).
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Figure 2. 14: GPC traces for PMMA homopolymer, and PMMA-PFPMI-PS and PMMA-PFPMI-
PS-g-PEO block copolymers.

To investigate further, this unusual polymerization of PMMA using PMMA-PFPMI macro-CTA,
a kinetic study for MMA chain extension was performed. The results suggested slower initiation
and faster propagation of the PMMA chains in contrast to fast initiation and slower propagation
expected for the attainment of living polymerization conditions. Similar unusual behavior with
MMA chain extension was observed for all the PMMA-SMI macro-CTA’s indicating the inability
of the PMMA-SMI macro CTA’s to efficiently initiate MMA polymerization. However, further
experiments are required to completely understand this behavior particularly for MMA chain

extension in detail.
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Figure 2. 15: Molecular weight distribution using ESI-MS for PMMA and PMMA-AA.

Single molecule insertion of allyl alcohol was performed as shown in Scheme 6. ESI-MS
confirmed the single molecule insertion and a shift in the MW of PMMA by 58.08 g/mol was
observed which confirmed the single insertion of allyl alcohol (Figure 15). To study the livingness
of the PMMA-AA macro-CTA, styrene chain extension was performed. Most of the chains

underwent chain extension with styrene, however a small fraction of the chains was dead as
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observed by the GPC traces which might have been introduced after the single insertion of AA

(Figure 16).
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Figure 2. 16: GPC traces for PMMA homopolymer, and PMMA-AA-PS block copolymer.

2.5 Summary

We have found a range of different molecules which can insert precisely only once within the PS
chain in addition to the known examples of maleimides and maleic anhydride. Also, the concept
of SMI was extended to PMMA chain insertion and novel molecules for SMI within PMMA chain
were studied. The concept of SMI can prove to be an efficient approach for the synthesis of
polymers with different architectures such as graft, miktoarm and star copolymers. This strategy
also provides exciting opportunities to end-label polymers with diverse functionalities for

interesting post-polymerization chemistries.
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CHAPTER Il1

EXPLORING THE CONTINUUM BETWEEN A 3-ARM STAR AND A-B-C

LINEAR TRIBLOCK COPOLYMER

3.1 Introduction

Block copolymers represent a class of materials composed of two or more covalently attached
incompatible blocks which can spontaneously segregate into self-assembled structures with
controllable dimensions and functionalities.’ The versatility of block copolymers in terms of their
compositional sequence, architecture, and the choice of monomers can lead to dramatic changes
in self-assembly and can allow for tailoring mechanical, electrical, optical and other physical
properties for the targeted application.*® The simplest and most studied architecture for block
copolymers is the linear A-B diblock, whose morphological behavior is dependent on three
experimentally controllable factors: the overall degree of polymerization (N), the volume fraction
of the A component (¢,) and the Flory-Huggins interaction parameter y,5 Whose magnitude is
determined by the selection of the A-B monomer pair. Depending on the values of ¢4 and y4gN,
a diblock copolymer can self-assemble into different equilibrium morphologies with a domain
spacing ranging from 10-100 nm*26-1% By means of incorporating more chemically distinct blocks
into a chain, or adapting unique properties such as chiral, crystalline or rod-like structures for one
of the blocks; more complex morphologies can be observed which can offer opportunities in
designing novel nanostructured materials with improved functionality and properties.®*
Alternatively, the complexity of block copolymers can be greatly enlarged by increasing the
number of blocks (n) (AnBn block copolymers), bonding more than two chemically distinct blocks

(A-B-C triblock copolymers), and by introducing architectural asymmetry (cyclic, graft-type, H-
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type and star-shaped, and miktoarm block copolymers, etc.).*>*” These block copolymers, referred
to as multi-block copolymers are promising candidates for exploring a range of intriguing
nanostructures due to the increase in the number of parameters governing their phase behavior. In
comparison to diblock copolymers, where the morphology is controlled by the volume fraction of
one block and the interaction parameter between the two blocks; the morphology of triblock
terpolymers is critically affected by different factors such as the volume fraction of each individual
block, three different interaction parameters and the sequence of the three blocks.*® Furthermore,
different chain architectures—Ilinear, star, branched or ring—can significantly contribute to the
morphological complexity observed for multiblock copolymer systems.®2°

Controlling the large parameter space offered by multiblock copolymers, allows access to novel
co-continuous and multi-component-continuous morphologies which are inaccessible using
conventional diblock copolymer architectures. Various multiply continuous morphologies
observed for multiblock copolymers have been shown to enhance different mechanical properties
such as toughness, stress at failure, and creep resistance.?*2% These multi-domain structures have
high interfacial area per specimen volume which can be used to enhance the efficiency of gas
separation membranes and solar cell membranes that separate and extract excitons.?+2°
Percolating domain structures can be promising candidates for materials used in water
purification.32 Several 3-D structures observed for multiblock copolymers can be utilized to
significantly increase the ion conductivity in different energy applications such as fuel cells and
batteries.3*% In addition to these applications, these multiple domain morphologies have also
been found to play an important role in the emerging technology of 3-D photonic crystals.36:3
Among the numerous multiblock architectures, the linear triblock terpolymer and the star

architecture have been studied extensively both experimentally and theoretically. Many complex
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morphologies have been observed for the linear triblock architectures which includes structure-
within-structure phases, such as cylinders-within-lamellae, spheres-within-lamellae, cylinders-on-
cylinders, helices-on-cylinders, rings-on-cylinders, spheres-on-cylinders, spheres-on-spheres, and
knitting patterns,183847-56:39-46 Meanwhile, for the A-B-C 3-arm star architecture several
hierarchical structures including lamellae-in-cylinder, cylinders-in-lamella, lamellae-in-sphere,
and hierarchical double gyroid structures have been discovered.>"5867-755966 Both the A-B-C
linear triblock and the A-B-C 3-arm star architectures have the same constitutional blocks but
depending on the position of the C block, the two different architectures can be accessed. The C
block at the junction of A-B block leads to 3-arm architecture, while the C block at the chain end
leads to the linear triblock architecture. Conceptually, the shifting of the position of the C block
along the B block can provide access to novel polymer architectures which would lie along the
continuum between a 3-arm star and A-B-C linear triblock copolymer (Figure 1). This continuum
of polymers has not been previously investigated, and is a challenge for the development of

synthetic methodologies and morphological characterization.

In this chapter, a versatile strategy is reported to synthesize a series of PMMA-b-PS-g-PEO and
PtBA-b-PS-g-PEO continuum graft copolymers which lie along the continuum between a 3-arm
star and A-B-C linear triblock copolymer. Because of these investigations, a unique approach has
been developed to explore systematic changes in the morphology solely as a consequence of

topological frustration while keeping both ¥V and ¢ constant.

A-B-C

3-Arm Star Graft Position () = —aoWtPS)

Mol wt.(PS1+PSy)

Cantont rantee

= (1/3) w=(2/3) w=1.0
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Figure 3. 1: Representative figure for different continuum graft copolymers.

3.2 Materials and Methods

3.2.1 Materials

Methyl Methacrylate (99%, Alfa Aesar) and Styrene (99%, Alfa Aesar), tert-butyl acrylate
monomers were passed through a column of basic alumina prior to use to remove the inhibiter.
Azobisisobutyronitrile (AIBN) was recrystallized from methanol and stored at 0° C before use.
Pentafluorophenyl maleimide ester (PFPMI) was synthesized as per the reported literature.’”® Poly
(ethylene glycol) methyl ether was purchased from Sigma Aldrich and was modified to amine-

terminated Poly (ethylene glycol) using reported literature methods.”’

3.2.2 Instrumentation

'H NMR spectroscopy was performed on 500 MHz Bruker 500 Ascend NMR spectrometer. Gel
permeation chromatography (GPC) was performed in THF at a flow rate of 1.0 mL/min using a
refractive index detector on a Polymer Laboratories PL-GPC 50 Integrated GPC. Small-angle X-
ray scattering (SAXS) measurements were performed using a GANESHA 300 XL SAXS
instrument. For SAXS measurements, the samples were prepared by dissolving the polymer in
anhydrous benzene at a concentration of 50 mg/mL and casting to produce solid films in 1 mL
Teflon beakers. The beakers were covered with a glass hood to allow slow evaporation of the
solvent at room temperature over 5 days. Then, the samples were vacuum dried overnight to
remove any residual solvent in the film, followed by thermally annealing at 125 °C for 5 days for
under vacuum for the PMMA-b-PS-g-PEO samples and 170 °C PtBA-b-PS-g-PEO samples
respectively. For transmission electron microscopy (TEM), ultra-thin sections of approximately
40 nm thickness were cut with a Leica (Reichert & Jung) ULTRACUT Ultramicrotome using a

diamond knife at room temperature. These sections were mounted on 400 mesh copper support

77



grids and were stained using RuO4 for 10 min. The stained thin sections were then examined on a
JEOL 2000FX TEM operated at an accelerating voltage of 200 kV.

3.3 Exploring the Continuum of a 3-arm Star and A-B-C Linear Triblock copolymer for
PMMA-b-PS-g-PEO graft copolymers.

3.3.1 Methods
3.3.1.1 Synthesis of RAFT Chain Transfer Agent for MMA Polymerization.

The synthesis of RAFT CTA-1a was performed following a reported procedure.”® CTA-1a was
modified to CTA-1b using dicyclohexylcarbodimide-4-N,N dimethaminopyridine (DCC-DMAP)
coupling reaction. In a round bottom flask, CTA-1a (2.55 g, 8.75 mmol) and ethanol (1.1 mL, 17.5
mmol) were added to 30 mL dichloromethane (DCM) and stirred at room temperature for 2 days
(Scheme 1). The product obtained was kept overnight in the refrigerator at -30 °C to precipitate
the dicyclohexylurea (DCU) generated during the reaction. The product was then filtered,
concentrated and purified by column chromatography using Hexane: EtOAc = 9:1 as the eluting

solvent mixture to afford the desired product in 95% yield.

S CH
S CH 3
)J\ 3CN Bu )I\ N (@]
BU\S s OH+ EtOH DCM, T.t. - \S s \/
2eq. DCC (1.2 eq.), DMAP (0.1 eq.)
CTA-1a o) CTA-1b O

Scheme 1: DCC-DMAP coupling reaction for modification of CTA-1a to CTA-1b.

3.3.1.2 General Procedure for Polymerization of MMA using CTA-1b.

Methyl methacrylate (20 mL, 0.19 mol) was added to a 20 mL reaction vial containing CTA-1b
and AIBN as the initiator in appropriate quantities based on the targeted molecular weight (Table

1). The polymerization was performed using molar ratio of AIBN/CTA as 1:20. The mixture was
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degassed by N, for 15 mins and then heated at 60 °C for different time intervals to achieve the
required conversion. On completion, the reaction was quenched in an ice bath, diluted with ethyl
acetate, and precipitated in methanol. The precipitated polymer was filtered and dried overnight

under vacuum to yield PMMA macro CTA as a white powder.

3.3.1.3 General Procedure for Chain Extension using Styrene (PMMA-b-PS:)

The chain extension of styrene was performed using the synthesized PMMA macro CTA as the
suitable RAFT agent and AIBN as the initiator. In a 20-mL reaction vial, freshly distilled styrene,
AIBN, and PMMA macro CTA in 1,4 dioxane were added. Different molar ratio of styrene:macro-
CTA were taken based on the targeted molecular weights and the AIBN:macro-CTA ratio of 1:20
was kept constant. The reaction mixture and was degassed using N2, followed by polymerization
at 60 °C for different time intervals to achieve the desired conversion. After completion, the
reaction mixture was quenched in an ice bath, diluted with ethyl acetate and then precipitated in
methanol. The precipitated polymer was filtered and dried overnight under vacuum to give
PMMA-b-PS; as a white powder. The diblock copolymer was further purified to remove the
PMMA homopolymer contamination by washing the PMMA-b-PS; using CH3NO2:MeOH (3:7)

solution mixture.

3.3.1.4 General Procedure for Single Molecule Insertion (SMI) of Pentafluorophenyl
Maleimide (PFPMI).

In a 20-mL reaction vial, PMMA macroinitiator (1 equiv.) dissolved with appropriate amount of
1,4 dioxane was added. PFPMI (3 equiv.) and AIBN (0.1 equiv.) were added. The reaction vial
was sealed and degassed using N2 and immersed in a preheated oil bath heated at 60 °C for 3 days
to ensure completion insertion of the PFPMI molecule on the PS chain-end. The reaction mixture

was diluted using ethyl acetate and precipitated in methanol. The precipitated polymer was filtered
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and dried under vacuum for 24 h to obtain PMMA-PFPMI as a white solid. Following the similar
procedure, PMMA-b-PS;-PFPMI was synthesized by performing single molecule insertion using

the PMMA-b-PS1 macroinitiator.

3.3.1.5 General Procedure for Synthesis of PMMA-PFPMI-b-PS2 and PMMA-b-PS:-
PFPMI-b-PS2 Block Copolymers.

In a 20-mL reaction vial, PMMA-PFPMI macroinitiator, freshly distilled styrene, and AIBN
dissolved in 1, 4 dioxane were added. The amount of styrene and AIBN was calculated based on
the molar ratio of styrene:macro-CTA and AIBN:macro-CTA (20:1) respectively. The reaction
vial was sealed and the polymerization was performed at 60 °C for a specific time interval to
achieve the targeted conversion. The reaction mixture was diluted using ethyl acetate upon
completion and precipitated in methanol three times. The precipitated polymer was then filtered
and dried under vacuum to yield PMMA-PFPMI-b-PS; as a white solid. Similarly, PMMA-b-PS;:-
PFPMI-b-PS2 was synthesized using PMMA-b-PS:-PFPMI as the macro CTA for performing the
styrene chain extension. These synthesized diblock copolymers were further purified by successful
removal of PS homopolymer using THF:Hexane (1:3) solution mixture, generated during the two

styrenic chain extensions.

Table 3. 1: Synthesis of PMMA macro-initiator using CTA-1b.

Table 1
Sample [CTA] [AIBN] M. Gpc b
(mmol/L) (mmol/L) (kg/mol)
PMMA- 30K 0.31 0.016 30.2 1.12
PMMA- 25K 0.21 0.011 25.6 1.14
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Scheme 2: Synthetic strategy for synthesis of PMMA-b-PS:-PFPMI-b-PS;-g-PEO
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3.3.1.6 General Procedure for Grafting of Amine-Terminated PEO on PMMA-PFPMI-b-
PSz2, PMMA-b-PS1-PFPMI-b-PS2, and PMMA-b-PS:-PFPMI

The synthesized diblock copolymer PMMA-PFPMI-b-PS; was dissolved in chloroform in a 20-
mL reaction vial and amine-terminated PEO (1.1 equiv.) was added. NEt3 (0.1 equiv.) was added
and the vial was sealed and placed in a preheated oil bath at 60 °C for 3 days. On completion, the
reaction mixture was diluted with ethyl acetate, precipitated in cold diethyl ether, and dried under
vacuum for 24 h. To remove the excess PEO, the dried polymer was washed with H,O:MeOH
(9:1) solution mixture to yield PMMA-b-PS-g-PEO star copolymer architectures. Following the
similar procedure, amine terminated PEO was grafted onto PMMA-b-PS:-PFPMI-b-PS; and
PMMA-b-PS:-PFPMI to yield PMMA-b-PS-g-PEO graft and linear triblock copolymer

architectures respectively.

3.3.2 Results and Discussions

3.3.2.1 Synthesis of PMMA-b-PS-g-PEO Triblock Copolymers

Precise control over the arrangement of different monomer units within a polymer chain is
challenging and requires development of various synthetic strategies. Controlling the monomer
sequence within a polymer chain can have a profound impact on the overall macroscopic properties
of polymers and can play an important role in creating functionalities for molecular targeting,
recognition, biocatalysis and molecular information storage.”®® With the development of
controlled polymerization techniques, notable progress has been made in developing protocols to
regulate the primary sequence of polymers.8? Recently, different approaches have been developed
for synthesis of sequence controlled polymers include chain-growth polymerization,838493.94.85-
92step-growth polymerization,®>-°° multicomponent reactions,°®1% template polymerization,'%+

106 solid phase synthesis'®” 110 and the synthesis of multiblock copolymers using specific block
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sequence.!*115 The concept of strong cross-polymerization behavior of maleimides and maleic
anhydride with styrene, using various controlled radical polymerization techniques such as ATRP,
NMP and RAFT has been studied for end-group functionalization and insertion of different
functionalities within the polymer backbone. 15 These strategies can be advantageous to
synthesize polymers with different architectures including 3-arm star, miktoarm, graft and linear

polymers. 116417

Using multi-step RAFT polymerization and single monomer insertion (SMI) technique, a series of
PMMA-b-PS-g-PEO graft copolymers were synthesized as shown in Scheme 2. The technique of
SMI molecule insertion requires the functional molecule to be inserted only once within the
polymer chain with high fidelity while maintaining the livingness of the polymer chain for
subsequent chain extension. Furthermore, the single molecule inserted should have the required
functionality for grafting the third polymer chain. The architecture of the synthesized graft
copolymer is primarily dependent on the position of the SMI within the polymer backbone.
Insertion of the functionalized molecule at the junction point of two blocks can lead to a 3-arm
star, insertion within the polymeric backbone yields graft and miktoarm copolymers and while
chain-end functionalization using SMI can generate linear triblock copolymers. With this overall
approach, there is a unique opportunity to synthesize the desired graft copolymers which lie along

the continuum of a 3-arm star and the A-B-C linear triblock copolymer.

To utilize this strategy to synthesize high MW graft copolymers using the SMI and activated ester
chemistries, the methodology was validated by performing these reactions on low MW PS
followed by detailed characterization using ESI-MS, *H NMR and GPC (Chapter 2). The SMI of
PFPMI was performed on the synthesized low MW PS, and as maleimides are known to cross-

propagate with styrene but do not homopolymerize, in the absence of styrene monomer, the PFPMI
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molecule inserts once at the polymer chain-end with high fidelity. After successful insertion of
PFPMI, the chain extension was performed using styrene and followed by subsequent grafting of
amine terminated PEO utilizing the activated ester chemistry. This strategy allows the movement
of the PEO arm on to the PS chain and synthesize continuum graft copolymers with different graft
positions and the linear triblock copolymer architecture. Similarly, the PFPMI insertion was also
performed on low MW PMMA, followed by chain extension using styrene and grafting of the PEO

arm to synthesize the 3-arm star architecture.

With successful demonstration of the synthetic strategy on low MW PS and PMMA, SMI was
performed on the synthesized high MW PMMA and PMMA-b-PS; chains, followed by the chain
extension using styrene to give PMMA-PFPMI-b-PS2, PMMA-b-PS:-PFPMI-b-PS;, and PMMA.-
b-PS:-PFPMI diblock copolymers respectively with varying PFPMI grafting points. To yield
diblock copolymers with high chemical purity, different solvent mixtures were used to remove the
PMMA and PS homopolymer contaminants generated during the RAFT polymerization of these
monomers. Amine terminated PEO was later grafted onto the PMMA-PFPMI-b-PS;, PMMA-b-
PS1-PFPMI-b-PS2, and PMMA-b-PS:-PFPMI diblock copolymers using the activated ester
chemistry. The excess PEO used in the final step was removed using H.O:MeOH (9:1) solution
mixture and repeated washings to yield narrow dispersed PMMA-b-PS-g-PEO graft copolymers
with varying architecture lying between the continuum of a 3-arm star and A-B-C linear triblock

copolymer (Figure 2). The grafting position (@) for the PEO block is defined as:

Mol. wt.(PSy)

Graft Position (o) = Mol wt. (PS14PS2)

where, PS; is the PS MW prior to SMI and PS; refers to the PS MW after the SMI; with a value

of 0 being the 3-arm star and 1 being the graft position for an A-B-C Linear triblock copolymer.
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The molecular characteristics for the different series of synthesized graft copolymers is presented
in Tables 2 and 3. Sample IDs for Table 2 and 3: X-Y- ®; where X denotes the equal MWs of
PMMA and PS in a series, Y denotes the corresponding MW of the PEO arm and « denotes the

grafting position.

A-B-C .. Mol.wt.(PS;) A-B-C
3-Arm Star Graft Position (w) = WMol wt.(PS,+PSy) Linear Triblock
PMMA PEO
PMMA
— —
= (1/3) = (2/3) =1.0

Figure 3. 2: Representative figures for different PMMA-b-PS-g-PEO continuum graft
copolymers and definition of .

Table 3. 2: Compositions and Morphologies for the 25-8-®, and 25-18-w Series.

Sample ID PMMA PS1 PS2 PEO o d Morphology
(Kg/mol) = (Kg/mol) (Kg/mol) (Kg/mol) (nm) (SAXS)
25-8-0 25 0 25 8 0 35 Lamellae
25-8-1/3 25 8 16 8 1/3 29 Cylindrical
25-8-(2/3) 25 16 8 8 213 26  Cylindrical
25-8-(1) 25 25 0 8 1 40 Lamellae
25-18-(0) 25 0 25 18 0 39 Lamellae
25-18-(1/3) 25 8 16 18 1/3 30 Cylindrical
25-18-(2/3) 25 16 8 18 2/3 26 Lamellae
25-18-(1) 25 25 0 18 1 43 Lamellae
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Table 3. 3: Compositions and Morphologies for the 30-18-w, and 30-32-w Series.

Sample ID PMMA PS: PS2 PEO 0} d Morphology
(Kg/mol) = (Kg/mol) (Kg/mol) (Kg/mol) (nm) (SAXS)
30-18-(0) 30 0 30 18 0 40 Lamellae
30-18-(1/3) 30 10 20 18 1/3 29 Lamellae
30-18-(2/3) 30 20 10 18 2/3 27 Lamellae
30-18-(1) 30 30 0 18 1 24 Lamellae
30-32-(0) 30 0 30 32 0 52 Lamellae
30-32-(1/3) 30 10 20 32 1/3 35.3 | Lamellae
30-32-(2/3) 30 20 10 32 2/3 33 Lamellae
30-32-(1) 30 30 0 32 1 31.1 Lamellae

The chemical and molecular weight characterization of the synthesized graft copolymers was
performed using *H NMR and THF GPC. The *H NMR signals at 6 3.6 ppm corresponds to the
methylene proton of the ethyl ester of PMMA and signals between ¢ values 6-8 ppm corresponds
to the aromatic proton of styrene. After successful grafting of amine terminated PEO, a new peak
appears around ¢ value 3.65 ppm corresponding the —CH2-CH»-O- protons for the PEO (Figure 3).
The individual volume fractions for each polymer block was calculated using *H NMR by
integrating the peak area for specific protons corresponding to the individual blocks. The
representative GPC traces for a final PMMA-b-PS-g-PEO graft copolymers is shown in (Figure 4)
shows no homopolymer and diblock contamination, thus demonstrating the high efficiency of this

methodology and precise control over the molecular weight and dispersity.
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Figure 3. 3: Representative 'H NNMR spectra for PMMA-b-PS-g-PEO graft copolymers
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Figure 3. 4: GPC chromatograms for PMMA-b-PS-g-PEO graft copolymers.

3.3.2.2 Morphological Characterization

Morphological characterization was performed using Transmission electron microscopy (TEM)
and Small Angle X-Ray scattering (SAXS). To observe the morphologies using TEM, RuOa4

staining, which primarily stains the PEO phase and lightly stains the PS phase, was employed.

Since Xpmma-peo 1S Small and xpyma—reo < Xpmma-prs< Xps—pro, the PEO chains would prefer
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mixing with the PMMA chains over PS. However, mixing with PS may be driven by topological
frustration. It is expected the PS-PEO mixed phase will appear darker and the PMMA-PEO mixed
domains will appear lighter under TEM. This assumption was based on the staining profile

generated for these morphologies using simulations as discussed below.

An interesting change in the morphologies were observed in the SAXS profiles of the 25-8- series
on moving along the continuum from the 3-arm to A-B-C linear triblock terpolymer architecture.
Figure 5 shows the different SAXS profiles for this series: multiple higher order peaks, in integral
multiples of the primary g* value, corresponding to lamellae morphology were observed for the
3-arm star copolymer. SAXS indicates a transition to the cylindrical morphology, replacement of
integral reflections by those at v7 and v/9 as the graft position changes to » = 1/3. Moving further
along the continuum to the graft position @ = 2/3, the morphology again changes to lamellae and
stays the same for the linear triblock copolymer. Similarly, for the 25-18- ® series, the peak ratios
of 1:2:3 for the 3-arm star is indicative of a lamellae morphology. Moving along the continuum to
graft positions @ = 1/3 and 2/3, single peaks suggest microphase separation but a lack of long range
lattice order. Finally, for the A-B-C linear triblock, the return of a secondary peak at twice the q

spacing of the primary peak suggests a layered or lamellar structure, although it could also be

consistent with cylinders with the v/3 peak suppressed by the form factor.

For the 25-8-w series, the domain spacing gradually decreases from 35 nm for the 3-arm star to 29
nm and 26 nm for ® = 1/3 and 2/3 respectively and then increases to 40 nm for the A-B-C linear
triblock copolymer. A similar trend was observed for the 25-18- series, where the d spacing first
decreased along the continuum: 38 nm for the 3-arm star to 30 nm and 26 nm for graft positions

1/3 and 2/3 respectively. It then increases to 43 nm for o = 1 (Figure 6).
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Figure 3. 5: SAXS measurements for A) 25-8-o and B) 25-18- series.
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Figure 3. 6: Effect of graft position on domain spacing for 25-Y-® and 30-Y-o series.

Figure 7 shows TEM micrographs for the 25-8-w series. Layering is evident in all these images.
The details of image A (3-arm star) suggest that the layered structure may contain PMMA-PEO
perforations running through the PS-PEO mixed domains. This would remain consistent with the
overall lamellar-like SAXS observed for this sample. The SAXS data for this series suggests that
B and C (o = 1/3 and 2/3) might be cylindrical structures, and it can be difficult to distinguish

cylinders from a layered structure in TEM projected images when the cylinders lie primarily in the
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plane of the thin section. Images B and C do show features suggesting this possibility. For the

linear triblock (@ = 1) image D of a highly ordered lamellar structure is consistent with the SAXS.

Figure 3. 7. TEM micrographs for the 25-8-w series. A) ®=0,B) ® =1/3,C) ®=2/3,D) v = 1.
Scale bar: 100 nm.

Figure 8 shows the TEM images for 25-18-w series which shows a perforated lamellae morphology
for the 3-arm star with PS-PEO forming one of the lamellae domains and the PMMA-PEO mixed
domain forming the other. The PMMA-PEQO mixed domain forms the perforations through the PS-
PEO layers. This is consistent with the SAXS data showing a lamellar or layered ordering for this
sample. Moving along the continuum to ® = 1/3, the TEM image (B) is consistent with a thin
section through a phase of tangled worm-like cylinders with no-long range lattice order. This is

consistent with the single peak observed in SAXS. In this poorly ordered cylindrical morphology,
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a PS-PEO mixed domain forms the cylinders and PMMA-PEO forms the matrix. Further moving
to ® = 2/3 and 1, The TEM images are consistent with perforated lamellae with PMMA-PEO

perforations running through the PS-PEO domains.

Figure 3. 8. TEM micrographs for the 25-18-w series. A) ® =0, B) ®=1/3,C) ® =2/3,D) o = 1.
Scale bar: 100 nm.

Figure 9 shows the SAXS profiles for the 30-Y-w series graft copolymers with varying length of
the PEO chains. In both series, the ® =0 and 1 SAXS data suggest a moderate degree of long range
order consistent with lamellar, or otherwise layered, ordering or possibly cylinders with the 3
refection suppressed by the form factor. The 30-18- o data for ® = 1/3 and 2/3 is consistent with
microphase separation but does not provide an indication of morphology or long-range order. The

30-32- o data for @ = 1/3 and 2/3 is shows an odd double primary peak which could indicate the
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superposition of two length scales, such as might occur in perforated lamellae, with length

corresponding to the layering and the other to the arrangement of perforations laterally within the

layers.
A N ——30-180 B 3 ——30:32-0
30184173 ———30-32-1/3
—— 30-18-2/3 2 — 30-32-2/3
30181 30321
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Figure 3. 9: SAXS measurements for A) 30-18-w and B) 30-32-w series.

The domain spacing was found to decrease monotonically on moving the graft position along the
continuum from a 3-arm star to A-B-C linear triblock copolymer. The 30-18-w series with PEO
MW of 18 kg/mol showed a variation in domain spacing from 40 nm for the 3-arm star to 24 nm
for the linear triblock. The 30-32- series with PEO MW of 32 kg/mol, exhibited a decrease in
domain spacing from 52 nm for the 3-arm star to 31 nm for the linear triblock as shown in Figure
6.

TEM images for the 30-18-w series show an undulated lamellae morphology for 3-arm star with
PS-PEO forming the dark domain and the PMMA-PEO mixed domain forming the lighter one.
The morphology changes to poorly ordered lamellae for ® = 1/3 and then to perforated lamellae
for ® = 2/3 with PS-PEO forming one of the lamellae domains and PMMA-PEQO forming the other
with PMMA-PEO perforations running through the PS-PEO domain. For ® = 1, highly ordered

lamellae morphology with PMMA-PEO and PS-PEO mixed domains was observed (Figure 10).
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Similarly, for the 30-32-w series, the 3-arm star architecture and @ = 1/3 showed cylindrical
morphology with the darker PS-PEO forming the cylindrical domain and the PMMA-PEO mixed
phase forming the matrix. For ® =2/3, the morphology changes to perforated lamellae morphology
with PMMA-PEO and PS-PEO mixed domains in lamellae morphology and PMMA-PEQ forming
the perforations through the PS-PEO mixed domain. As the graft reaches the end of the continuum,

the morphology again changes to an ordered cylindrical morphology (Figure 11).

Figure 3. 10: TEM micrographs for the 30-18-w series. A) =0, B) ® =1/3, C) ®=2/3,D) ® =
1. Scale bar: 100 nm.
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Figure 3. 11: TEM micrographs for 30-32-w series for different graft positions. A) ® =0, B) o =
1/3, C) ® =2/3 and D) ® = 1. Scale bar: 100 nm.

Comparing the two series with same MW of the PEO arm, the 25-18-» and 30-18-w series, it can
be observed that a small increase in the yN value, can lead to a significant change in the self-
assembly behavior of these continuum graft copolymers. The domain spacing observed using
SAXS for the 25-18-o decreases from ® = 0 to ® = 2/3 and then increases as the graft position
reaches ® = 1.0. However, for the 30-18-o series, a monotonic decrease in the domain spacing
was observed as the graft position changes from ® = 0 to ® = 1.0. The morphologies observed
using TEM for the 25-18-w, varied from perforated lamellae (m = 0.0) to cylindrical morphology

(o = 1/3) then changes to perforated lamellae morphology for the ® values of 2/3 and 1.0. Whereas,
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for the 30-18-w series, the morphology changes from undulated lamellae (o = 0.0) to perforated
lamellae morphology for  values 1/3 and 2/3 and again changes to lamellae morphology for ® =
1.0. This change in the domain spacing trend using SAXS and the variation in the morphologies
observed using TEM with respect to a small increase in the y/V value could be attributed to either
the presence of a morphological phase boundary of these continuum copolymers or the difference

in the topological frustration for the two series of graft copolymers.

3.3.2.3 Theoretical Simulations

Further investigation of the phase morphology and evolution kinetics of the spectrum was
performed using a mesoscale molecular dynamics method. Dissipative particle dynamics (DPD)
is a simulation technique that has been successfully applied to study the mesophase formation of
block copolymers with various molecular architectures.*®*2° Due to its coarse-grained nature,
DPD can model physical phenomena occurring at larger time and spatial scales than typical
molecular dynamics. The DPD particles, representing a Gaussian-like chain, interact by
conservative (FC), dissipative (FP), random (FF), and bond (FB) forces which are pairwise
additive. The conservative force is the primary driving force towards equilibrium, while the
dissipative and random forces act as thermostat and dynamic tuning parameters. The forces on an
i" particle is only exerted by particles within a cut-off radius, .. The momentum-conserving
forces are given by F = —y(1 —r;;/r.)?(%; - ;) and Ff§ = V2vksT(1 = 13 /)7 (M) V2,
where y is the friction coefficient, At is the integrating time step, kj is the Boltzmann constant and
T is the temperature. The units are scaled such that r. = kgT = 1 and At = 0.04. The soft
repulsive conservative component is given by: Flﬁ = a;j(1 —r;;/r.)f;j, where r;; =7, —r; and

A

#,; = 1;;/|ri;|- The scaling factor a;; is related to Flory-Huggins y parameter by: a;; ~ a;; +

95



3.27y;j,when a; = 25 and simulation density (p) is 3. Accordingly, the scaling factors for our

SyStem are aPMMA_PS = 4‘0, aps_PEO = 438, and aPMMA_PEO = 257 The bond fOI’CG (FB) |S

added to connect bonded DPD particles with a linear spring, F¥ = —kr;;, where the stiffness

constant k=4.

Using DPD simulations to explore the effect of both grafting position and the molecular weight of
PEO on the PMMA-PS backbone, the volume fraction of PMMA and PS is always kept equal by
keeping the number of backbone beads constant at N=20, where Npmma = 10 and Nps = 10. Due to
the coarse grain nature of the model, the grafting point for PEO is considered on the PS> segment,
hence the o ranges between 0 (3-arm star) and 0.9 (linear triblock). The simulations are performed
in the canonical ensemble (NVT) with a cubic 24x24x24 box containing 41,472 particles and using
periodic boundary conditions. Since the density is kept constant and molecular weight of PEO is
variable, this leads to a variation in the number of molecules in the system. All simulations were
initially performed by setting all the interaction parameter a;; as 25, which corresponds to an
athermal melt. This generates a random distribution of chains in the simulation box. Then the value
of a;; were instantaneously increased to the above-mentioned a;; values representing the various
x parameters. The system was then allowed to relax to an equilibrated morphology for 5 x 108
time steps. The final state of the simulation was taken as a prediction of the continuum graft
copolymer morphology for comparison to the experimental observations. Figure 13 shows the
morphological diagram for the PMMA-b-PS-g-PEOQ graft copolymers with respect to changes in

o and @pgo, Where @pgo is the volume fraction of PEO.

Three ordered morphologies are observed; lamellae, perforated lamellae and cylindrical. For the

lamellae morphology, a PMMA-PEO mixed phase formed one domain while a PS-PEO mixed
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phase formed the other domain. Similarly, for the cylindrical morphology, the PS-PEO mixed
phase formed the hexagonally packed cylinders within a PMMA-PEO matrix. The formation of a
PS-PEO mixed phase for these morphologies can be attributed to the forced mixing of the PS and
PEO chains due to topological frustration imposed by the grafting position. In the perforated
lamellae morphology, PMMA-PEO and PS-PEO mixed phases formed the lamella domains with
PMMA-PEQ perforations running through the PS-PEO domains. A few perforated lamellae
morphologies initially had a continuous PS domain indicative of a bicontinous phase which
dissapeared on equilibrating for longer time (5 x 10° time steps). Representative snapshots for the
morphologies observed are shown in Figure 12. In Figs. 10 (a), (c), and (e) each block is colored
differently while in Figures 12 (b), (d) and (f) the same structures are processed onto a gray scale
to facilitate their comparison with the observed TEM images as follows. Since the TEM images
were obtained by staining the polymer thin film using RuO4, whose staining affinity decreases

from PEO, to PS, to PMMA, we assigned a RuO4 staining probability (Pg4in) to each polymer

bead type: Psigin = % . a;, where n is the number of particles in the interaction sphere (r, =

1) and a; = 1,1.5,and 2 for PMMA, PS, and PEO, respectively. The representative simulated
morphologies treated by this staining probability profile suggest that in the morphologies observed
by TEM, the PMMA-PEO mixed phase should appear as the lighter phase and the PS-PEO mixed
phase should as the dark phase. These results were found to be in good agreement with the
experimentally observed morphologies and provided a better understanding of the behavior of the

RuOg stain for these continuum graft copolymers.

Figure 13 shows a comparison between simulated and experimental morphologies. Since in
simulations the A-B-C linear triblock is represented by = 0.9, the same «» was assigned for the

samples obtained experimentally. The morphological transitions predicted for various systems are
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in qualitative agreement with experimental results based on SAXS and TEM. Overall, experiments
and model are consistent in showing the following approximate trends: morphologies with
increasing interfacial curvature tend to occur for either larger @pg, at fixed o or for decreasing ®
at fixed @pgo, Where in order of increasing curvature the morphologies are ranked as lamellae <
perforated lamella < cylinders. The major discrepancies between simulation and experimental
results are seen for the star architecture with @pzo = 0.39 and 0.43. These inconsistencies may
reflect some limitation of the model DPD adopted whose large extent of coarse-graining may blur
out some important molecular details; e.g., in describing the constraints around the grafting point,

and in capturing the relative yN interactions.

To study the effect of moving from a 3-arm star to A-B-C linear triblock copolymers, the @pgo =
0.31 system was considered, wherein simulations a transition from cylindrical morphology to
lamellae was observed, without any perforated phase to complicate the analysis. We note,
however, that near this @pgoVvalue the experimental system more generally transitioned from
perforated lamellae to cylinder upon increasing @. The calculated fraction of PMMA beads
interacting with PEO, which can be seen as quantifying the extent of mixing between these blocks,
reveals a slight decrease in their mixing as o increases (Figure 14(a)). Due to the connectivity to
the interphase region between PMMA-PEO, PS-rich domains have a higher concentration of PEO
than PMMA-rich domains in the 3-arm stars as compared to the linear triblocks. The macroscopic
morphology change occurs between o = 0.3 and 0.4, where the cylindrical morphology changes
to lamellae morphology and is microscopically marked by a significant increase in the extent of
mixing of PS with PMMA and PEO (Figure 14(b)). Since this increased interaction of PS with

PEOQ is not energetically favorable, it is clear that this phase transition is driven by the small change
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in the tethering point. This effect emphasizes the idea that morphology can be controlled by

changing .

PMMA PS PEO 0.5 Pstain 1

Figure 3. 12: Representative figures for the (a-b) Lamellae (c-d) Cylindrical, and (e-f) Perforated
Lamellae morphologies observed using DPD simulations. Panels (b), (d), and (f) show structures
mimicking TEM contrast for (a), (c), and (e), respectively.
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Figure 3. 13: Morphological phase diagram for the PMMA-b-PS-g-PEOQ graft copolymers
obtained from DPD simulations. The symbols represent the experimental morphologies from
observed using SAXS and TEM. The linear triblock samples are represented by @ = 0.9.

We hypothesize that the simultaneous increased mixing of PEO with both PMMA and PS is attained by
chain stretching of PEO, which would imply an increased conformational frustration in the chain.
The extent of chain stretching was measured as the sphericity (S) of the PEO chain?! (reference)
defined as S = 3(A2 + A3)/2, where the A1, A2, and Az are eigenvalues of the inertial tensor and Ay >
A2 > As. For a stiff rod-like chain S = 0 and for an isotropic melt chain S = 1. A non-monotonic
trend in S for PEO chains as a function of @ (Figure 14(c)) was observed. As o increases the
sphericity slightly decreases as the PEO stretches to mix with PMMA, however, at ® = 0.4 (1/3) a
dramatic decrease in S was observed. This decrease in sphericity supports our hypothesis that the
chain stretching is coupled to the increased mixing with PMMA: the chain configurational entropic
loss (associated with PEO stretching) is compensated by an increase in mixing entropy, which in
turn helps stabilize the emerging lamellae phase. The sphericity of PEO in the lamellae
morphology starts increasing with © exhibiting a large jump at @ = 0.7. This increase in sphericity

is due to a reduced interaction between PS and PEO, hence leading to less frustration in the PEO
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chain. The dramatic change in sphericity at @ = 0.7 is not accompanied by a change in morphology;
instead it is linked to changes in lamellae thickness. Indeed, the lamellae thickness (calculated by
calculating the average distance between each crossover point for the density profiles of PMMA
and PS across the lamella) shows a minimum at o = 0.7 (Figure 14(d)), which is accompanied by
reduced mixing of PS with PMMA and PEO. For o > 0.7, de-mixing of PS with the other
components leads to a rapid increase in lamellae thickness. The minimum in domain thickness
observed in the simulations at o= 0.7 corresponds with the minimum in domain spacing observed
by SAXS at ® = 2/3. Overall, the observed changes in lamellae thickness relate to the
conformational changes in the constituent chains. We note that reduction in the sphericity of the
PEO segments will also be associated with an increase in chain stiffness and hence affect other

macroscopic properties like modulus and ionic conductivity.
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Figure 3. 14: Fraction of (a) PMMA beads interacting with PEO and (b) PS beads interacting
with PMMA-PEO as a function of o. (c) Sphericity of PEO chains and (d) Lamellae thickness
for varying o.
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3.4 Exploring the Continuum of a 3-arm Star and A-B-C Linear Triblock copolymer for
PtBA-b-PS-g-PEO graft copolymers

3.4.1 Methods

3.4.1.1 General Procedure for Polymerization of PtBA using CTA-1b

Tert-butyl acrylate (20 mL, 0.19 mol) was added to a 20mL reaction vial containing CTA-1b and
AIBN as the initiator in appropriate quantities based on the targeted molecular weight (Table 1).
The polymerization was performed using molar ratio of AIBN/CTA as 1:20. The mixture was
degassed by N. for 15 mins and then heated at 60 °C for different time intervals to achieve
complete conversion. On completion, the reaction was quenched in an ice bath, diluted with ethyl
acetate, and precipitated in methanol-H>O mixture (80:20). The precipitated polymer was filtered

and dried overnight under vacuum to yield PtBA macro CTA as a light yellow solid.

3.4.1.2 General Procedure for Chain Extension using Styrene (PtBA-b-PS1)

The chain extension of styrene was performed using the synthesized PtBA macro CTA as the
suitable RAFT agent and AIBN as the initiator. In a 20-mL reaction vial, freshly distilled styrene,
AIBN, and PMMA macro CTA in 1,4 dioxane were added. Different molar ratio of styrene:macro-
CTA were taken based on the targeted molecular weights and the AIBN:macro-CTA ratio of 1:20
was kept constant. The reaction mixture and was degassed using N2, followed by polymerization
at 60 °C for different time intervals to achieve the desired conversion. After completion, the
reaction mixture was quenched in an ice bath, diluted with ethyl acetate and then precipitated in
methanol-H>O mixture (80:20). The precipitated polymer was filtered and dried overnight under
vacuum to give PtBA-b-PS: as a white powder. The diblock copolymer was further purified to

remove the PtBA homopolymer contamination by washing the PtBA-b-PS; using hexanes.
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3.4.1.3 General Procedure for Single Molecule Insertion (SM1) of Pentafluorophenyl
Maleimide (PFPMI)

In a 20-mL reaction vial, PtBA-b-PS: macroinitiator (1 equiv.) dissolved with appropriate amount
of 1,4 dioxane was added. PFPMI (3 equiv.) and AIBN (0.1 equiv.) were added. The reaction vial
was sealed and degassed using N2 and immersed in a preheated oil bath heated at 60 °C for 3 days
to ensure completion insertion of the PFPMI molecule on the PS chain-end. The reaction mixture
was diluted using ethyl acetate and precipitated in methanol-H2O mixture (80:20). The precipitated
polymer was filtered and dried under vacuum for 24 h to obtain PtBA-b-PS:-PFPMI as a pale
yellow solid. Following the similar procedure, PtBA-PSx-PFPMI was synthesized by performing
single molecule insertion using the PtBA-b-PSx macroinitiator where the value of x is <10

monomer units.

3.4.1.4 General Procedure for Synthesis of PtBA-PSx-PFPMI-b-PS; and PtBA-b-PSi1-
PFPMI-b-PS2 Block Copolymers

In a 20-mL reaction vial, PtBA-PSx-PFPMI macroinitiator, freshly distilled styrene, and AIBN
dissolved in 1, 4 dioxane were added. The amount of styrene and AIBN was calculated based on
the molar ratio of styrene:macro-CTA and AIBN:macro-CTA (20:1) respectively. The reaction
vial was sealed, and the polymerization was performed at 60 °C for a specific time interval to
achieve the targeted conversion. The reaction mixture was diluted using ethyl acetate upon
completion and precipitated in methanol-H>O water mixture (80:20) three times. The precipitated
polymer was then filtered and dried under vacuum to yield PtBA-PSx-PFPMI-b-PS; as a pale-
yellow powder. Similarly, PtBA-b-PS:-PFPMI-b-PS; was synthesized using PtBA-b-PS:-PFPMI

as the macro CTA for performing the styrene chain extension.
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3.4.1.5 General Procedure for Grafting of Amine-Terminated PEO on PtBA-PSx-PFPMI-
b-PS2, PtBA-b-PS1-PFPMI-b-PS;, and PtBA-b-PS:-PFPMI

The synthesized diblock copolymer PtBA-PSx-PFPMI-b-PS; was dissolved in chloroform in a 20-

mL reaction vial and amine-terminated PEO (1.1 equiv.) was added. NEt3 (0.1 equiv.) was added

and the vial was sealed and placed in a preheated oil bath at 60 °C for 3 days. On completion, the

reaction mixture was diluted with ethyl acetate, precipitated in cold diethyl ether, and dried under

vacuum for 24 h. To remove the excess PEO, the dried polymer was washed with H,O:MeOH

(9:1) solution mixture to yield PtBA-b-PS-g-PEO star copolymer architectures. Following the

similar procedure, amine terminated PEO was grafted onto PtBA-b-PS:-PFPMI-b-PS; and PtBA-

b-PS:-PFPMI to yield PtBA-b-PS-g-PEO graft and linear triblock copolymer architectures

respectively (Figure 15).

A-B-C

3-Arm Star

TR

w=0.20

w=0.40

w=0.60

A-B-C

Linear Triblock

PtBA

Figure 3. 15: Representative figures for different PtBA-b-PS-g-PEO continuum graft

copolymers.

Table 3. 4: Synthesis of PtBA macro-initiator using CTA-1b

Sample [CTA] [AIBN] \Y YeTe b
(mmol/L) | (mmol/L) | (kg/mol)
PtBA- 32K 0.46 0.023 32.1 1.14
PtBA- 22K 0.69 0.034 21.9 1.10
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3.4.2 Results and Discussions:

3.4.2.1 Synthesis of PtBA-b-PS-g-PEO graft copolymers

Sequential multistep RAFT polymerization and single monomer insertion (SMI) technique was
used to synthesize a series of PtBA-b-PS-g-PEO graft copolymers as described in Scheme 3.
Similar approach as explained for the synthesis of the PMMA-b-PS-g-PEO graft copolymer was
used to obtain these graft copolymers with precise movement of the PFPMI molecule on the PS
chain to yield PtBA-b-PS-g-PEO graft copolymers which lie along the continuum of a 3-arm star
and the A-B-C linear triblock copolymer. SMI was performed on the synthesized PtBA-b-PS:
chains, followed by the chain extension using styrene to give PtBA-b-PS:-PFPMI-b-PS,, and
PtBA-b-PS:-PFPMI diblock copolymers respectively with varying PFPMI grafting points.
However, the SMI was not successful at the PtBA chain-end and to overcome this synthetic
challenge for synthesis of the 3-arm star architecture, a short PS chain (< 10 monomer units) was
attached to the PtBA chain, followed by SMI and chain extension using styrene to yield PtBA-b-
PSx-PFPMI-b-PS, diblock copolymer. To remove the homopolymer contaminant form the
synthesized graft copolymers, different solvent mixtures were used to remove the PtBA and PS
homopolymer contaminants generated during the RAFT polymerization of these monomers.
Amine terminated PEO was later grafted onto the PtBA-PSx-PFPMI-b-PS;, PtBA-b-PS:-PFPMI-
b-PSz, and PtBA-b-PS:-PFPMI diblock copolymers using the activated ester chemistry. The
excess PEO used in the final step was removed using H.O:MeOH (9:1) solution mixture and
repeated washings were done to yield narrow dispersed PtBA-b-PS-g-PEO graft copolymers with
varying architecture lying between the continuum of a 3-arm star and A-B-C linear triblock

copolymer as described in Tables 5-8.

106



Table 3. 5: Compositions and Morphologies for the PtBA-b-PS-g-PEO-1-6 Series.

Table 3. 6:

The chemical and molecular weight characterization of the synthesized graft copolymers was
performed using *H NMR and THF GPC. The *H NMR signals at 2.3 ppm (1H-CH backbone) and
around 1.3 ppm (12H-CH3 t-butyl) for PtBA protons and signals between o values 6-8 ppm
corresponds to the aromatic proton of styrene were used to calculate the mole fractions of the
PtBA-b-PS diblock copolymers. After successful grafting of amine terminated PEO, a new peak
appears around ¢ value 3.65 ppm corresponding the —CH2-CH>-O- protons for the PEO (Figure
16). by integrating the peak area for specific protons corresponding to the individual blocks, the
volume fractions for each polymer block was calculated. The representative GPC traces for a final

PtBA-b-PS-g-PEO graft copolymers is shown in Figure 17 which shows no homopolymer and

Sample # PtBA PS1 PS2 PEO w value
(Kg/mol) | (Kg/mol) | (Kg/mol) (Kg/mol)

PtBA-PS-PEO-1 22 0 22 10 0

PtBA-PS-PEO-2 22 45 175 10 0.2
PtBA-PS-PEO-3 22 9.0 13.0 10 0.4
PtBA-PS-PEO-4 22 135 8.5 10 0.6
PtBA-PS-PEO-5 22 18 4.0 10 0.8
PtBA-PS-PEO-6 22 22 0 10 1.0

Compositions and Morphologies for the PtBA-b-PS-g-PEO-7-12 Series.

Sample # PtBA PS1 PS2 PEO w value
(Kg/mol) | (Kg/mol) | (Kg/mol) (Kg/mol)

PtBA-PS-PEO-7 22 0 22 18 0

PtBA-PS-PEO-8 22 45 17.5 18 0.2
PtBA-PS-PEO-9 22 9.0 13.0 18 0.4
PtBA-PS-PEO-10 22 135 85 18 0.6
PtBA-PS-PEO-11 22 18 4.0 18 0.8
PtBA-PS-PEO-12 22 22 0 18 1.0
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diblock contamination, thus demonstrating the high efficiency of this methodology and precise

control over the molecular weight and dispersity.

Figure 3. 16: Representative 'H NMR spectra for PtBA-b-PS-g-PEO copolymer.

1 —— PtBA (M - 32.1 Kg/mol, D = 1.14)
800 ~ —— PtBA-b-PS (M, - 44.5 Kg/mol, B = 1.12)
T —— PtBA-b-PS-PFPMI (M - 44.9 Kg/mol, B = 1.13)
700 —— PtBA-b-PS-PFPMI-b-PS (M, - 56 Kg/mol, D = 1.15)
E PtBA-b-PS-PFPMI-b-PS-g-PEO (M, - 64 Kg/mol, B = 1.17)
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o o o o o
1 1 1 1 1

100 +——

X T x T 4 T % T 4 1
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Figure 3. 17: Representative GPC chromatographs for PtBA-b-PS-g-PEO copolymers.
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Table 3. 7: Compositions and Morphologies for the PtBA-b-PS-g-PEO-13-18 Series.

Sample # PtBA PS1 PS2 PEO w value
(Kg/mol) | (Kg/mol) | (Kg/mol) | (Kg/mol)
PtBA-PS-PEO-13 32.0 0 32.0 10 0
PtBA-PS-PEO-14 32.0 6.4 25.6 10 0.2
PtBA-PS-PEO-15 32.0 12.8 19.2 10 04
PtBA-PS-PEO-16 32.0 19.2 12.8 10 0.6
PtBA-PS-PEO-17 32.0 25.6 6.4 10 0.8
PtBA-PS-PEO-18 32.0 32.0 0.0 10 1.0

Table 3. 8: Compositions and Morphologies for the PtBA-b-PS-g-PEO-25-30 Series.

Sample # PtBA PS1 PS2 PEO o value
(Kg/mol) | (Kg/mol) (Kg/mol) | (Kg/mol)
PtBA-PS-PEO-25 32.0 0 320 18 0
PtBA-PS-PEO-26 32.0 6.4 25.6 18 0.2
PtBA-PS-PEO-27 32.0 12.8 19.2 18 04
PtBA-PS-PEO-28 32.0 19.2 12.8 18 0.6
PtBA-PS-PEO-29 32.0 25.6 6.4 18 0.8
PtBA-PS-PEO-30 32.0 32.0 0.0 18 1.0

3.4.2.2 Morphological Characterization

The morphological characterization for the synthesized PtBA-b-PS-g-PEO continuum graft
copolymers was performed using Transmission electron microscopy (TEM) and Small Angle X-
Ray scattering (SAXS). To observe the morphologies using TEM, RuO4 staining, which primarily

stains the PEO chains and lightly stains the PS chains, was employed. The PtBA chains remains
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unstained by using RuQOg4 staining agent. Since xpiga—pro 1S SMall and Ypipa—pro < Xps—pro<
Xrea—ps the PEO chains would prefer mixing with the PtBA chains over PS. No mixing of the
PtBA and PS chains is preferred due to their high interaction parameter. However, the mixing of
PEO chains with PS is driven by topological frustration present in these graft copolymers. Using
the RuQg4 stain and the potential mixing of the different polymers chains, it is expected that the PS-

PEO mixed phase will appear darker and the PtBA-PEO mixed domains will appear lighter under

the TEM.
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Figure 3. 18: SAXS profiles for a) PtBA-b-PS-g-PEO Series -1-6 and b) PtBA-b-PS-g-PEO
Series-7-12.

An interesting change in the morphologies were observed in the SAXS profiles of PtBA-b-PS-g-
PEO-1-6 and 7-12 series with corresponding MWs of PtBA, PS and PEO being 22, 22 and 10
kg/mol was observed on moving along the continuum from the 3-arm to A-B-C linear triblock
copolymer architecture (Figure 18). The different SAXS profiles for the PtBA-b-PS-g-PEO-1-6
series shows the presence of multiple higher order peaks in integral multiples of the primary g*

value indicates the presence of lamellae morphology for these samples. A decrease in the d-spacing
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from 31.4 nm to 26.1 nm was observed on moving the graft position from ® = 0 to @ = 0.2. This
decrease in the d-spacing may be attributed to the mixing of PEO arm with the PtBA, which results
in looping the PS segment before the PFPMI junction point and therefore reduction in the domain
spacing is observed. On moving the graft to = 0.4, an increase in the domain spacing is observed
which can ascribed to the inability of the PEO arm to fold the PS; segment which leads to the
forced mixing of the PEO with the PS rather than mixing with the PtBA chains. This effect
continues for ® = 0.6 and 0.8 and the domain spacing remains constant. An increase in the d-
spacing when the graft position reaches the chain end (o = 1), which may be attributed to the

release in the topological frustration for the linear triblock copolymer architecture (Figure 19 (A)).

For the PtBA-b-PS-g-PEO-7-12 series with PEO MW-18kg/mol, highly ordered cylindrical
morphology was observed for ® = 0, as confirmed by the presence higher order peaks with ratios
of /4 and v/7 with respect to the primary peak g~ and the possibility of the v/3 peak being
suppressed by the form factor. For ® = 0.2 and 0.4, the morphology remains cylindrical as
confirmed by the observed higher order peaks corresponding to the ratios of 1: v/3: v4 and 1: v/3:
\/7 respectively. On moving the graft position to @ = 0.6, a single peak corresponding to
microphase separation but lack of long range order was observed which changes to highly ordered
lamellae morphology for @ = 0.8 and 1 as indicated by the integral higher order reflections. For
PtBA-b-PS-g-PEO-7-13 series, the d-spacing first decreases on moving from @ =0 to ® = 0.2 and
then increases as the graft position changes to @ = 0.4. The d-spacing was observed to remain
constant for ® = 0.6 and then increases for ® = 0.8 and 1. The d-spacing trend observed was found
to be similar to the PtBA-b-PS-g-PEO-1-6 series, expect for @ = 0.8, where an increase in the

domain spacing was observed in contrast to the being constant for the series with shorter length of
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the PEO chain (Figure 19 (A)). This difference in the trend may be due to the bigger length of the

PEO chain present this series which can further increase the topological frustration in this system.
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Figure 3. 19: Effect of graft position on domain spacing for different lengths of the PEO arm. A)
PtBA-b-PS-g-PEO with MW of PtBA and PS = 22kg/mol B) PtBA-b-PS-g-PEO with MW of
PtBA and PS = 32kg/mol.

Figure 20 shows the TEM micrographs for the PtBA-b-PS-g-PEO-1-6 series which represent a
well-defined lamellae morphology for the @ value 0 and 0.2 in agreement with the SAXS data. It
is expected that the PtBA-PEO mixed domain forms one of the lamellar domains and the PS-PEO
forms the other. On moving along the continuum to ® = 0.4, the morphology changes to highly
ordered cylindrical morphology. However, lamellae morphology was observed using SAXS which
might indicative of the suppression of the V3 peak by the form factor. Moving to = 0.6, the
morphology again changes to lamellae and remains the same throughout the continuum which was

in good agreement with the SAXS data observed for these samples.
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Figure 3. 20: TEM images for PtBA-b-PS-g-PEO-1-6 Series. Scale bar 100 nm.
Figure 21 shows the SAXS profile for the PtBA-b-PS-g-PEO Series-13-18 and PtBA-b-PS-g-PEO

Series-25-30 with corresponding PtBA and PS MW being 32 kg/mol and PEO MW being 10 and
18 kg/mol respectively. For PtBA-b-PS-g-PEO Series -13-18, the star triblock copolymer shows
higher order peaks with peak ratios being 1:2:3 indicative of a lamellae morphology. For ® = 0.2,
a single peak signifying microphase separation but lack of long range order was observed. For ®
=0.4-1.0, highly ordered lamellae morphologies were observed with peak reflections ratios being
1:2:3. The d-spacing was observed to decrease form 42.7 nm for ® = 0 to 27.9 nm for the graft
position 0.2. The domain spacing increases on moving the graft to @ = 0.4 which gradually
increases to 55 nm as the graft moves toward the linear triblock copolymer architecture (Figure 19
(B)). Similarly, for the PtBA-b-PS-g-PEO Series-25-30 series, highly ordered morphologies were

observed for all the samples. For @ = 0, highly ordered lamellae morphologies with peak
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reflections having ratios 1:2:3:5 were observed. For ® = 0.2-1.0, integral peak ratios corresponding
to lamellae morphology were observed. The d-spacing for the PtBA-b-PS-g-PEO-25-30 was
observed to decrease form 49.4 nm for ® = 0 to 36.0 nm for the graft position 0.2 and remains
constant as the graft moves to ® = 0.4 and 0.6. However, the d-spacing increases to 39.6 nm for ®
= 0.8 and then decreases to 34.1 for the linear triblock copolymer architecture. In general, an
interesting trend in the domain spacing for PtBA-b-PS-g-PEO triblock copolymers is observed,
which always shows a decrease in the domain spacing on moving the PEO graft from ® =0 to ®
= (.2. and then increases and stays constant up to a critical @ value and then depending on the

length of PEO arm can either increase, decrease or remain constant as the @ changes to 1 (Figure

19 (B)).
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Figure 3. 21: SAXS profiles for a) PtBA-b-PS-g-PEO Series-13-18 and b) PtBA-b-PS-g-PEO
Series-25-30.
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Figure 3. 22: TEM images for PtBA-b-PS-g-PEO-13-18 Series.
Figure 22 shows the TEM images for the PtBA-b-PS-g-PEO-13-18 series, which shows cylindrical

morphology with PtBA-PEO forming the cylindrical domains and PS-PEO forming the matrix for
the star triblock copolymer architecture. The SAXS data shows the presence of lamellae
morphology, which might be indicative of the suppression of the /3 peak by the form factor.
Moving to @ = 0.2, highly ordered perforated lamellae morphology was observed with PEO-PS
forming one domain and the PtBA-PEO forming the other domain and the PtbA-PEOQ perforations
running through the PS-PEO domain. As we move along the continuum to ® = 0.4-1, highly
ordered three-domain lamellae morphology with PtBA as the unstained, PEO as the dark and PS
as the light/grey domain was observed. The PtBA domain was observed to form PtBA-PEO

interface, while the PEO formed interface with both PS and PtBA for the three-domain lamellar
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morphology. This was in accordance to the SAXS data observed for these samples which indicates

the presence of the lamellae morphologies for these samples.

Figure 3. 23: TEM images for PtBA-b-PS-g-PEO-25-30 Series.

For the PtBA-b-PS-g-PEO-25-30 series highly ordered perforated lamellae morphologies were
observed for @ = 0-0.8 with the PtBA-PEO forming one of the lamellar domain and PS-PEO
forming the other with PtBA-PEOQ perforations running through them (Figure 23). This was in
qualitative agreement with the SAXS data observed for these morphologies which was indicative
for a lamellae morphology. However, on moving the graft position towards the linear triblock
copolymer, highly ordered cylindrical morphology was observed, with the probability of the PEO-

PtBA forming the cylindrical domains and PtBA-PS forming the matrix.
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It is important to note that for some of the PtBA-b-PS-g-PEO continuum copolymers, sub-structure
within the structure morphology was observed, while a co-existence of two different morphologies
was observed for some of the samples. In general, a broad interface due to the mixing of the
polymer chains as a result of topological frustration was observed which made these morphologies

even more complicated and difficult to predict.

Since the PtBA-b-PS-g-PEO series the samples are stained using one staining agent which
specifically stains the PEO and lightly stains the PS, definitive prediction of the morphological
domain cannot be achieved. Therefore, computational studies are required to simulate the expected

morphologies and understand the morphological behavior of these polymers.

3.5 Summary

A highly efficient synthetic methodology has been demonstrated to synthesize graft copolymers
which lie along the continuum of a 3-arm star and A-B-C linear triblock copolymer. The
morphological characterization of these novel continuum graft copolymers using SAXS, TEM,
and DPD simulations shows exciting morphologies and projects these copolymers as interesting
candidates to access new morphologies. Contrary to the majority of the work done on block
copolymers, these structures are novel as their morphologies can be tuned keeping the ¢ and x
constant. This study also deepens our understanding of the effect of polymer architecture on the
phase behavior of these graft copolymers and provides a novel pathway to tune the block

copolymer morphologies.
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CHAPTER IV
MAPPING THE PHASE DIAGRAM FOR FRUSTRATED A-B-C LINEAR

TRIBLOCK COPOLYMERS

4.1 Introduction

In the past few years, linear triblock copolymers have been the most extensively studied class of
multiblock copolymers. As explained in chapter 1, the number of parameters which define the
microphase separation of triblock copolymers increases considerably with the addition of one more
block to the diblock copolymer. This enlarges the parameter space for these block copolymers and
makes them a promising candidate for exploring novel morphologies. The morphology of triblock
copolymers is critically affected by the independent volume fractions of two blocks, three different
interaction parameters and the sequence of the three blocks.! Based on the sequence and the
corresponding interaction parameters of the three blocks, the triblock copolymer system can either
be frustrated or non-frustrated.? For “frustrated” triblock copolymers, the interaction parameter
between the end blocks (yacN) is much smaller than interaction parameter between the neighboring
blocks (yasN) and (yscN). This leads to formation of structures with A/C interfaces, which have
lower interfacial energy compared to the A/B and B/C interfaces due to the forced connectivity of
the A-B and B-C block pairs with the highest relative incompatibility. However, the topology of
these triblock copolymers limits the formation of A/C interfaces and thus the system is frustrated.
For “non-frustrated” triblock copolymers, the domain arrangement is consistent with the topology
of block sequence. yacN is larger than the interaction parameter between the neighboring blocks,
x~8N and yscN which leads to the formation of distinct A/B and B/C interface because of the

preference by A and C blocks to remain separated from each other. Many systems both frustrated
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and non-frustrated triblock copolymers have been studied in the literature which includes
poly(styrene-b-butadiene-b-2-vinylpyridine)(PS-b-PB-b-P2VP,SBP)®> and  PB-b-PS-b-P2VP
(BSP)?, poly (styrene-b-isoprene-b-2-vinylpyridine) (PS-b-Pl1-b-P2VP, SIP)*® and PI-b-PS-b-
P2VP (ISP)®, and poly(styrene-b-isoprene-b-lactide) (PS-b-PI-b-PLA)’, poly(styrene-b-isoprene-
b-ethylene oxide) (PS-b-PI-b-PEO, SI0)® and PI-b-PS-b-PEO (I1SO)°, poly(styrene-b-2-
vinylpyridine-b-tert-butyl ~ methacrylate)  (SVT)¥**2 and  poly-(styrene-b-butadiene-b-
caprolactone) (SBC) triblock copolymers'®. However, the frustrated systems (SIP, SBP, SIL,
SBC, SVT and SIO) have demonstrated more complicated morphologies than the corresponding
non-frustrated systems as the morphologies with A/C interfaces can only be observed by utilizing
the topological frustration present in the frustrated linear triblock copolymers. Due to their large
parameter space many new morphologies have been observed for these frustrated triblock
copolymers in the bulk, which includes the conventional morphologies observed for the diblock
copolymers,’®  core—shell morphologies,’* various complex  structure-within-structure
morphologies such as cylinders-within-lamellae, spheres-within-lamellae, helices-on-cylinders,
rings-on-cylinders, spheres-on-cylinders, spheres-on-spheres and superstructures such as the
knitting pattern have been observed.? Various theoretical methods and simulations have been used
to predict the thermodynamically stable morphologies of frustrated A-B-C linear triblock

copolymers and correlate them to the experimentally observed morphologies.'?15-8

In recent years, there has significant research on design and synthesis of polymeric materials with
high-y and low N due to their ability to form highly ordered microstructures with low N value
allowing the formation of very small domain spacing (< 10 nm) which find their application in the
microelectronics, used as templates for inorganic nanomaterials'® and fabrication of nanoporous

membranes.?’. The typical domain spacing (d) for the conventional block polymer morphologies

129



are between 10-100 nm which are still higher than the preferred domain spacing of < 5 nm for
nanolithography.?! Since block copolymer self-assembly is dependent on the yN value and higher
N value leads to larger d-spacing, high y—low N block polymers can be a way to access smaller d-
spacing of <5 nm.?! In the past few years, there has been a significant progress to develop such
high y—low N systems to achieve smaller d-spacing. However, the conventional methods to
increase the interaction parameter by incorporating silicon, fluorine, or metal species are not
suitable for lithographic applications due to the convenience of post-processing and sustainability.
Therefore, all organic polymers with high interaction parameters are required. Hillmyer and
coworkers have recently demonstrated that sub-5 nm d-spacing can be achieved using
poly(cyclohexylethylene-b-methyl methacrylate) (PCHE-PMMA) diblock copolymers.?? Russel
and co-workers could achieve sub-5 nm d-spacing by transforming the hydrophobic poly solketal
methacrylate to a hydrophilic poly(glycerol monomethacrylate) for a symmetric poly(solketal
methacrylate-b-styrene) (PSM-b-PS) copolymers through an acid hydrolysis.?>?* This simple
chemical transformation significantly enhances the segmental interaction parameter (y) and thus

smaller d-spacing could be achieved.

As described in chapter 1, complex multiblock copolymer architectures often lead to novel
morphologies and in some cases, can lead to smaller domain spacing. Shi et al. demonstrated sub-
10 nm can be obtained using PS—(PLA); and (PS)>—(PLA). miktoarm copolymer architectures.?
Similarly sub-10 nm d spacing was obtained by Borsali and co-workers using different multiblock
copolymer architectures (AB-diblock, ABA triblock and A2B miktoarm star) of maltoheptaose as

the A block and polystyrene as the B block.?®

Taking inspiration from these above-mentioned studies, we aim to extend the concept of high -

low N block copolymer system from diblock to triblock copolymers to explore new morphologies
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with multiple domains and smaller feature size. We have synthesized a series of high y- low N,
PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP triblock copolymers with extending P2VP
arm to study the effect of extending chain length on the phase diagram on these highly frustrated

triblock copolymer systems and the map the observed morphologies with theoretical predictions.

4.2 Experimental Section

4.2.1 General Procedure for Synthesis of PMMA-b-PtBS-b-P2VP or PtBA-b-PtBS-b-P2VP
Triblock Copolymers

A series of triblock copolymers were synthesized using sequential RAFT polymerization of the
three monomers; MMA, tert-butyl styrene (t-BS) and 2-vinyl pyridine (2-\VVP) or tert-butyl acrylate
(t-BA), tert-butyl styrene (t-BS) and 2-vinyl pyridine as shown in Scheme 1. Firstly, CTA-1b was
used as the RAFT agent to synthesize a relatively narrow disperse PMMA or PtBA block. The
synthesized PMMA block was precipitated thrice using hexanes and PtBA using MeOH-H20
solution (MeOH:H»0 = 8:2), and the two homopolymers were dried overnight under vacuum. The
synthesized PMMA or PtBA homopolymers were then used as macro-initiator for chain extension
using t-BS to yield PMMA-b-PtBS or PtBA-b-PtBS diblock copolymer with approximately equal
volume fraction of the two blocks. The synthesized diblock copolymers were precipitated using
cold methanol and dried under vacuum overnight. The synthesized diblock copolymers were
further extended using 2-VP to yield PMMA-b-PtBS-b-P2VP or PtBA-b-PtBS-b-P2VP triblock
copolymers with increasing volume fractions of the 2-VVP block as described in Tables 1 and 2.
The synthesized triblock copolymers were precipitated using cold diethyl ether to yield the

respective triblock copolymers and dried under vacuum for further use.
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Table 4. 1: Molecular characteristics of PMMA-b-PtBS-b-P2VP triblock copolymers.

Sample No. MWpemma | MWeiss MWeavp Dr2vp dsaxs
(Kg/mol) (Kg/mol) | (Kg/mol) (nm)
PMMA-b-PtBS-3 9.0 6.0 - - 11.9
PMMA-b-PtBS-b-P2VP-1 9.0 6.0 9.0 0.4 13.1
PMMA-b-PtBS-b-P2VP-2 9.0 6.0 18.0 0.52 27.4
PMMA-b-PtBS-b-P2VP-3 9.0 6.0 27.0 0.65 32.7
PMMA-b-PtBS-6 6.0 6.0 - - -
PMMA-b-PtBS-b-P2VP-4 6.0 6.0 6.0 0.38 11.8
PMMA-b-PtBS-b-P2VP-5 6.0 6.0 12.0 0.46 22.2
PMMA-b-PtBS-b-P2VP-6 6.0 6.0 18.0 0.57 23.7

Table 4. 2: Molecular characteristics of PtBA-b-PtBS-b-P2VP triblock copolymers.

Sample No. MWoepisa MWetss MWpavp Dpovp dsaxs
(Kg/mol) (Kg/mol) | (Kg/mol) (nm)
PtBA-b-PtBS-1 4.4 3.9 - - 9.6
PtBA-b-PtBS-b-P2VP-1 4.4 3.9 9.0 0.56 111
PtBA-b-PtBS-b-P2VP-2 4.4 3.9 18.0 0.64 12.5
PtBA-b-PtBS-b-P2VP-3 4.4 3.9 27.0 0.71 13.7
PtBA-b-PtBS-2 15 15 - - 23.1
PtBA-b-PtBS-b-P2VP-4 15 15 15 0.3 11.8
PtBA-b-PtBS-b-P2VP-5 15 15 30 0.45 22.2
PtBA-b-PtBS-b-P2VP-6 15 15 45 0.52 23.7
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Scheme 1: Triblock copolymer synthesis of PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP

using CTA-1b.
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4.3 Instrumentation

'H NMR spectroscopy was performed on 500 MHz Bruker 500 Ascend NMR spectrometer. Gel
permeation chromatography (GPC) was performed in THF at a flow rate of 1.0 mL/min using a
refractive index detector on a Polymer Laboratories PL-GPC 50 Integrated GPC. Small-angle X-
ray scattering (SAXS) measurements were performed using a GANESHA 300 XL SAXS
instrument. For SAXS measurements, the samples were prepared by dissolving the polymer in
anhydrous toluene at a concentration of 50 mg/mL and were casted in 1 mL Teflon beakers. The
beakers were covered with a glass hood to allow slow evaporation of the solvent at room
temperature and the process was carried out for 5 days. After slow evaporation of the solvent at
room temperature, the samples were vacuum dried overnight to remove any residual solvent in the
film, followed by thermally annealing at 170 °C for 5 days under vacuum. For transmission
electron microscopy (TEM), thin polymer sections of approximately 40 nm in thickness were
prepared by Leica (Reichert & Jung) ULTRACUT Ultramicrotome using a diamond knife at room
temperature. These sections were mounted on 400 mesh copper support grids and were stained
using RuO4 for 10 min and I vapors for 1h. The stained thin sections were then examined on a

JEOL 2000FX TEM operated at an accelerating voltage of 200 kV.

4.4 Results and Discussions
4.4.1 Synthesis of PMMA-b-PtBS-b-P2VP or PtBA-b-PtBS-b-P2VP triblock copolymers

Among the various high y-low N diblock copolymer pairs, PMMA-b-PtBS and PtBS-b-P2VP
diblock copolymers have shown to demonstrate much higher interaction parameter than the
conventional PMMA-b-PS and PS-b-P2VP diblock copolymers.?”?® This can be accounted to the

increased hydrophobicity of t-BS monomer compared to styrene due to the presence of tert-butyl
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group which can lead to significant increase in y. Since the glass transition temperature (Tg) for
PtBS is 40 °C higher than PS can retain the salient cross-linking photoresist properties and also

compensate for the reduction in the Tq for thin films for lithographic applications.?®

Using sequential RAFT polymerization, we have successfully synthesized a series of PMMA-b-
PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP triblock copolymers as shown in Scheme 1. Targeted
molecular weights were achieved to yield PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP
linear triblock copolymers with varying volume fraction of P2VP. The homopolymers at each step
were removed using different solvent mixtures to remove the homopolymer contamination and
were characterized for their compositions using THF GPC and *H NMR. The GPC data for the
corresponding PMMA-b-PtBS and PtBA-b-PtBS diblock copolymers confirmed the synthesis of
well-defined block copolymers whereas the GPC data for the triblock could not be recorded due
to interaction of the P2VP block with the GPC column using THF GPC. However, single peak in
the DMF GPC confirms the formation of respective triblock copolymers with narrow molecular
weight distribution and dispersity. The NMR data for the triblock copolymers was also used to
characterize the synthesized triblock copolymers and calculate the corresponding volume fractions
of the three blocks. A representative *H NMR for PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-
P2VP triblock copolymers is shown in Figure 1. For PMMA-b-PtBS-b-P2VP, peaks
corresponding to the aryl protons of t-BS (6.00 — 7.25 ppm) and the PMMA —OCH3 protons (3.61
ppm) can be used to determine the molar ratio of these two blocks and peaks at 6 8.5—8.0 ppm (1H
from 2-VP) and 7.25-6.0 ppm (3H from 2VP, 4H from t-BS), 2.5-1.0 ppm (3H from 2VP, 12H
from t-BS) can be used to calculate the overall volume fraction of each individual block. Similarly,
for PtBA-b-PtBS-b-P2VP, chemical shifts at 2.3 ppm (1H-CH backbone) and around 1.1 ppm

(12H-CH3 t-Butyl) protons and the aryl protons of t-BS (6.00 — 7.25 ppm) were used to calculate
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the mole fraction of these two blocks and peaks at 6 8.5-8.0 ppm (1H from 2-VP) and 7.25-6.0
ppm (3H from 2VP, 4H from t-BS) were used to calculate the overall volume fraction of the three

blocks.

: 1 — (||
Al |
| A —

L.

Figure 4. 1: *H NMR spectra for the synthesized PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-
P2VP triblock copolymers.

4.4.2 Morphological Characterization

The PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP linear triblock copolymers were
characterized for their phase behavior using SAXS and TEM. These techniques helped in
providing better understanding their self-assembly behavior and investigate the effect of increase

in the P2VP volume fraction on the morphology of these triblock copolymers.

4.4.2.1 Small Angle X-ray Scattering (SAXS) Measurements

The SAXS data for the synthesized PMMA-b-PtBS-b-P2VP triblock copolymers is shown in
Figure 2. These patterns correspond to the PMMA-b-PtBS-b-P2VP triblock copolymers
synthesized from PMMA-b-PtBS-3 and 6 diblock copolymers with different volume fractions of

the P2VP arm. Interesting SAXS behavior was observed for the PMMA-b-PtBS-b-P2VP-1-3,
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synthesized using PMMA-b-PtBS-3 diblock copolymer (9 kg/mol-6 kg/mol) with varying volume
fraction of the P2VP from 0.4-0.6. PMMA-b-PtBS-3 showed a single peak in SAXS which was
indicative of absence of long range lattice order for the diblock copolymer. On introducing the
P2VP block, the d-spacing increases from 11.2 nm to 13.1 and highly ordered lamellae
morphology was observed for the PMMA-b-PtBS-b-P2VP-1 corresponding to the peak ratio g-: qx
: 2 = 1:2:3. On further increasing the volume fraction of P2VP ¢p2vp = 0.52 and 0.65, highly
ordered lamellae morphology was observed for both PMMA-b-PtBS-b-P2VP-2 and 3 with
corresponding d-spacing increasing to 27.4 and 32.7 nm respectively. The primary peak (q-) for
observed in SAXS for these samples had much lower intensity than the 2" order peak (qu1)
observed, which is contrary to the observed data for block copolymers. This might be due to
presence of structure-in-structure morphologies for these triblock copolymers. The PMMA-b-
PtBS-6 diblock copolymer showed no phase separation as indicated by absence of primary peak
in SAXS, which changed to a microphase separated morphology on addition of the P2VP arm.
For PMMA-b-PtBS-b-P2VVP-4 with ¢ = 0.38, a single peak suggesting microphase separation but
lack of long range lattice order was observed. Increasing the volume fraction of P2VP to 0.46 and
0.57, highly ordered cylindrical morphology were observed. The d-spacing was noted to change
from 11.6 nm for gp2ve = 0.38 and increases to 22.2 and 23.7 nm for ¢p2vp = 0.46 and 0.52

respectively.

The scattering data corresponding to the PtBA-b-PtBS-b-P2VP triblock copolymers is shown in
Figure 3. The triblock copolymers synthesized using PtBA-b-PtBS-1 (4.4 kg/mol-3.9 kg/mol)
diblock copolymer showed the presence of primary peak (g=) corresponding to the d-spacing
varying from 9.8 nm for the diblock copolymer to 13.7 nm for the triblock copolymer with highest

volume fraction of P2VP. The SAXS profiles for the triblock copolymers synthesized using PtBA-
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b-PtBS-1 showed the presence of single peak indicating the microphase separation but absence of
long range order for these samples. The SAXS profiles for the high molecular weight triblock
copolymers synthesized using PtBA-b-PtBS-2 (15kg/mol -15Kg/mol) displayed highly ordered
morphologies in contrast to the poorly ordered morphologies observed for triblock copolymers
synthesized using PtBA-b-PtBS-1. The d-spacing was found to significantly decrease from 23.1
nm to 11.8 nm with addition of the P2VP arm to the diblock copolymer. This may be due to the
formation of the hair pin loop by the middle arm to facilitate the mixing of the end blocks as their
x being the lowest. The d-spacing increases with increase in the volume fraction of P2VP, with
corresponding lamellae d-spacing values of 22.2 nm to 23.7 nm for gp2vp = 0.45 and 0.52

respectively.

—— PMMA-PtBS-P2VP-3
—— PMMA-PtBS-P2VP-2
—— PMMA-PtBS-P2VP-1
PMMA-PtBS-3

—— PMMA-PtBS-P2VP-6
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Figure 4. 2: SAXS profiles for PMMA-b-PtBS-b-P2VP triblock copolymers.
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Figure 4. 3: SAXS patterns for PtBA-b-PtBS-b-P2VP triblock copolymers.
4.4.2.2 TEM studies

The PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP linear triblock copolymers were also
characterized by TEM using OsO4 and I> staining. The use of OsO4 specifically stains the PtBS
and the P2VP and PMMA or PtBA are unstained while the use of I, specifically stains the P2VP
block and the PtBS and PMMA or PtBA remain unstained. Figures 4 shows the TEM micrographs
for PMMA-b-PtBS-b-P2VP-1-6 which were stained using OsO4. The TEM images observed
PMMA-b-PtBS-b-P2VP-1-3 after OsO4 staining shows the presence of lamellae morphology with
the corresponding d-spacing in qualitative agreement with the SAXS data. The dark stained PtBS
comprises one of the lamellae domains while the P2VP and PMMA forms the other domain. To
better understand the morphology of these triblock copolymers, the samples were stained using I»
vapors (Figure 5). The TEM micrographs obtained after I» staining confirms the formation of
lamella morphology by these triblock copolymers which the dark P2VP forming one domain and

PtBS and PMMA forming the other. Similarly, for PMMA-b-PtBS-b-P2VP- 4-6 with OsO4
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staining highly ordered lamellae morphology was observed with the PtBS as the dark domain and

the PMMA and P2VP forms the lighter domain.

Figure 4. 4: TEM images for PMMA-b-PtBS-b-P2VP-1-6 triblock copolymers stained using
0sO4.

Figure 4. 5: TEM images for PMMA-b-PtBS-b-P2VP-1-3 triblock copolymers stained using 12
vapors.
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PtBA-b-PtBS-b-P2VP-1-3 samples stained using OSO4 showed the presence of poorly ordered
cylindrical morphology in accordance to the absence of higher order reflections in the SAXS data
(Figure 6) with PtBS as the dark cylindrical domain with the P2VP and PMMA as the matrix. For
PtBA-b-PtBS-b-P2VP-4-6 highly ordered lamellae morphologies were observed with PtBS as the
dark domain and P2VP and PMMA as the other domain of the lamellae. Also, the d-spacing for
these morphologies were found to be in good agreement with the SAXS data obtained for these

samples.

Figure 4. 6: TEM images for PtBA-b-PtBS-b-P2VP triblock copolymers stained using OsOa.

4.5 Summary

we have successfully synthesized a series of PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP

triblock copolymers with varying volume fraction of the P2VP arm. The PMMA-b-PtBS-b-P2VP
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particularly showed highly ordered lamellae and cylindrical morphologies with d-spacing <15 nm
for majority of the samples. On comparing the PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-P2VP
triblock copolymers, microphase separation could be achieved with much lower N value for the
PtBA series as compared to the PMMA series. This shows that PtBA-b-PtBS has a higher y value
as compared to the corresponding PMMA-b-PtBS diblock copolymers due to the hydrophobicity
of the tert-butyl groups present in the PtBA block. Therefore, the PtBA-b-PtBS-b-P2VP triblock
copolymers have a good potential to be a new high y — low N polymer with the capability to form
morphologies with sub 10 nm d-spacing. However, further characterization of these samples is
required to better understand their phase behavior and morphologies of these triblock copolymers.
It will be exciting to explore new higher y — low N pair of block copolymers based on the current
study and extend this study to non-frustrated system of triblock copolymers. This comparative
study will provide a better understanding of the role of topological frustration in determining the
self-assembly behavior of these triblock copolymers. Also, correlating the observed morphologies
with theoretical predictions will help in predicting the phase diagram for these triblock copolymers

and can provide a qualitative understanding of their microphase separation.
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CHAPTER V

CONCLUSIONS AND PERSPECTIVES

5.1 Conclusions

With increasing use of block copolymers for variety of applications, there is a strong need to
reinvent the molecular design of modern day block copolymers which can fulfill the growing
demand for specialty polymers. The design of these block copolymers needs to be more careful
with the increasing focus on biocompatibility and sustainability. This increasing demand of
specialized block copolymers have drawn attention towards synthesis of block copolymers with
complex architectures which are shown to be promising candidates to alter the macroscopic and
microscopic properties of block copolymers. Effectively several combinations of molecular
architecture, (a)symmetry and connectivity among the different blocks can be envisioned,
therefore an efficient synthetic strategy needs to be developed in conjugation with theory and
simulations to design next generation block copolymers with targeted application. In this thesis,
have successfully developed synthetic strategies to synthesize polymers with complex molecular
architectures which can motivate theoretical simulations studies to design polymers which can
allow us to access novel morphologies which are inaccessible by the conventional diblock
copolymers.

In chapter 2, we have successfully developed the concept of single molecule insertion (SMI) which
allows the insertion of functional molecules at precise location within the polymer backbone to
provide functionalities for post polymer modifications and synthetize polymer architectures which
are relatively difficult to synthesize using pre-existing synthetic strategies. We have investigated

a series of molecules such as the maleic anhydrides, maleimides, dimethyl fumarate, dimethyl
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maleate etc. which satisfy the criteria for SMI based on their reactivity ratios with styrene and
methyl methacrylate, which can be used to synthesize almost all the complex macromolecular
architectures such as the star, comb, graft, and dendritic polymers which were first synthesized by
anionic polymerization and appropriate linking chemistries. The concept of SMI also allows us to
insert structure-directing moieties (e.g., hydrogen bonding, charged) which the polymer backbone
which can manipulate the self-assembly behavior of block copolymers.

In chapter 3, A versatile synthetic strategy has been designed to synthesize a series of PMMA-b-
PS-g-PEO and PtBA-b-PS-g-PEO block copolymers with complex architectures which lie which
lie along the continuum of a 3-arm star and A-B-C linear triblock copolymer. The synthetic
methodology includes the synthesis of block copolymer using controlled polymerization technique
such as RAFT polymerization, followed by a single molecule insertion (SMI) of a pentafluoro
maleimide ester (PFPMI) molecule within the PS backbone. Activated ester chemistry employed
allows for quantitative grafting of the PEO arm and systematically move the PEO arm on the PS
chain from a 3-arm star architecture to A-B-C linear triblock copolymer. Experimental
characterization of the morphologies of the synthesized graft copolymer was done using SAXS
and TEM while dissipative particle dynamics was used to theoretically predict the self-assembly
behavior of the synthetized copolymers. The study helps us understand the effect of the variations
in molecular architecture on the macromolecular self-assembly which can be further exploited to

produce highly ordered morphologies which can find their use in a variety of applications.

We have developed a robust synthetic strategy to synthesize these continuum graft copolymers
using living polymerization methodology such as RAFT, ATRP and utilizing the unique SMI
technique described in chapter 2. The morphological characterization of the synthesized

continuum graft copolymers is performed using SAXS, TEM, and DPD simulations. Interesting
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morphologies are observed for these continuum copolymers and projects them as interesting
candidates to access new morphologies. Contrary to most of the work done on block copolymers,
these structures are novel as their morphologies can be tuned keeping the ¢ and y constant. This
study helps in understanding of the effect of polymer architecture on the phase behavior of these

graft copolymers and provides a novel pathway to tune the block copolymer morphologies.

In chapter 4, we have synthesized a series of novel PMMA-b-PtBS-b-P2VP and PtBA-b-PtBS-b-
P2VP triblock copolymers with extending P2VP arm. These triblock copolymers are a class of
frustrated linear triblock copolymers with high-y monomer pairs which is responsible for driving
phase separation in these copolymers and very low molecular weight (N) for these copolymers.
The morphologies of the synthesized triblock copolymers were characterized using SAXS and
TEM and morphologies with multiple domains and smaller feature size were observed. The effect
of extending chain length of P2VP arm on the phase diagram on these highly frustrated triblock
copolymer systems was studied and the observed morphologies using SAXS and TEM were
mapped with the theoretical predictions. The study helps in extending the concept of high x-low
N block copolymer system from diblock to triblock copolymers which can be used to access novel
morphologies with smaller domain spacings which can be specifically used in lithographic

applications.

5.2 Future Directions

As discussed in the previous sections, with numerous advances in the field of polymer synthesis,
characterization and computational theory, block copolymers have emerged as the potential
materials for variety of applications which include lithographic applications, nano templates,
adhesives etc. With these emerging technologies, there is a strong demand for polymers which can

meet the extreme performance requirements. Polymer architecture exerts significantly impacts the
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microphase behavior and accompanying physical and mechanical properties of polymer.! As
discussed by Bates and co-workers there are numerous ways in which the three blocks can be
arranged to give various architectures as shown in Figure 2, Chapter 1. Among these various
architectures significant number of experimental and theoretical studies have been done on the 3-
arm star and A-B-C linear triblock copolymer architectures. As described in Figure 1, there is
unique opportunity to explore the continuum of architectures which lie in between the 3-arm star
and linear triblock copolymer. Depending on the movement of a specific block, three different
continuums are accessible on moving from the 3-arm star (center point) to either of the A-B-C, B-
C-A, and C-A-B linear triblock (vertices). Also, each continuum can be accessed by two different
pathways which have the same two ends -points.

In the current study, we had only been able to explore one of the 6 different pathways possible to
move from a 3-arm star to the linear triblock copolymer architecture. Therefore, there is a unique
opportunity from both the experimental and theoretical aspects to explore this ternary diagram.
The current work focuses on PMMA-b-PS-g-PEO and PtBA-b-PS-g-PEQO graft copolymers which
have relatively low-y between the terminal blocks. This leads to poor microphase separation and
leads to mixed domain morphologies. These mixed domain morphologies can be particularly
advantageous in ion transport applications. However, exploring high-y systems such as described
in chapter 4 can be advantageous in exploring novel morphologies. Such high-y systems with
PtBS, P2VP, P4VP, PDMS and PLA blocks etc. can lead to better phase separation between the

blocks and can further enhance the topological frustration leading to unexpected morphologies.
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A-B-C Triblock

Figure 5. 1: Ternary diagram depicting the possible continuum routes from a 3-arm star to linear
triblock copolymer.

Also, synthesis of such high-y systems would require coming up with new chemistries which
would enable us to obtain these multiblock copolymers. The synthesis needs to be inspired by the
current work on which a theoretical model has been developed. This theoretical model can now be
used to challenge the community to explore possible combinations of monomers which would
enable us to synthesize polymers to achieve novel morphologies for targeted applications. The
theoretical predictions would also inspire the community to come up with novel molecules which
can be inserted once within polymer backbone and would provide access to other architectures in
the continuum. Some of the efforts made in this direction includes exploring molecules which
would specifically insert once with the PMMA backbone, which would now allow us to explore

the alternate path to move from the 3-arm star to A-B-C linear triblock copolymer. This study
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would help us understand how the different block combinations can affect the microphase
separations for these continuum block copolymers.

So far, multiblock copolymers synthesis and characterization has been focused on flexible block
polymers. Incorporating other types of polymer blocks such as semiflexible, helical, and stiff can
help in synthesizing hybrid materials which can self-assemble in the bulk state for their use in
technological applications, such as light-emitting diodes (LEDs),? organic photovoltaic devices,®
and ion conducting membranes.* It will also be interesting to explore the properties or
morphological behavior of these continuum copolymers by introducing charge in one the blocks
or by incorporating chemical functionalities capable of hydrogen-bonding using SMI. Also, the
unique non-favorable interactions between the neighboring blocks for these continuum graft
copolymers can be further explored by studying their solution behavior which can allow us to

access novel morphologies in solutions too.
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APPENDIX

SYNTHESIS OF LABELED POLYMERS

Al. Synthesis of PEO-b-P4VP diblock copolymer
Synthesis of PEO macro-RAFT Chain Transfer Agent (CTA-1c¢)
The synthesis of RAFT CTA-1a was performed following a reported procedure.! CTA-1a was

modified to PEO macro-CTA using dicyclohexylcarbodimide-4-N,N dimethaminopyridine (DCC-
DMAP) coupling reaction. In a round bottom flask, CTA-1a (3 equiv.), DCC (1.2 equiv.) and poly
ethylene glycol mono methyl ether (MPEG) (1 equiv.) were added to appropriate amount of
dichloromethane (DCM) and allowed to stir for 15 mins at 0 °C. After 15 mins, DMAP was added
and the solution was stirred at room temperature for 2 days (Scheme 1). The product obtained was
kept overnight in the refrigerator at -30 °C to precipitate the dicyclohexylurea (DCU) generated
during the reaction. The product was then filtered, and the filtrate was concentrated and

precipitated using diethyl ether to yield pale yellow powder.

S CH;
CN
Bu._ OH /@O DCM, r.t.
S S + w\ >
H n OCH; DCC (1.2 eq.), DMAP (0.1 eq.)
CTA-1a o
3 equiv. 1 equiv s CHj
1 L
Bu (6] OCH
N7 s o
CTA-1c ©O

Scheme 1: DCC-DMAP coupling reaction for attachment of CTA-1a to mPEG.
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General Procedure for Polymerization of 4-VP using CTA-1c

4-Vinyl pyridine (20 mL, 0.18 mol) was added to a 20mL reaction vial containing CTA-1c and
AIBN as the initiator in appropriate quantities based on the targeted molecular weight (Table 1).
The polymerization was performed using molar ratio of AIBN/CTA as 1:20. The mixture was
degassed using N2 and then heated at 60 °C for different time intervals to achieve the required
conversion. On completion, the reaction was quenched in an ice bath, diluted with ethyl acetate,
and precipitated in cold diethyl ether. The precipitated polymer was filtered and dried overnight

under vacuum to yield PEO-b-P4VP diblock copolymer as a white powder.

Table Al. 1: Molecular characteristics of PS-b-P4VP diblock copolymers.

Sample ID PS P2VP Mn
(Kg/mol) (Kg/mol) (Kg/mol)
PEO-P4VP-4 4.4 4.4 7.2
PEO-P4VP-2 8 8 15
PEO-P4VP-3 16 16 29.2

Synthesis of PS-b-P2VP-g-PEO star triblock copolymers
The synthesis of PS-b-P2VP-g-PEO graft copolymers were synthesized using similar RAFT

polymerization and SMI technique as described in Chapter 2 and 3. Firstly, the polymerization of
styrene was performed using CTA-1b followed by single molecule insertion of the PFPMI
molecule. After SMI, chain extension was performed using 2-VP monomer to yield PS-b-P2VP
diblock copolymer with PFPMI as the junction point. Utilizing the activated ester chemistry, amine
terminated PEO was used to graft the PEO chain to the PS-b-P2VP diblock copolymer to yield

PS-b-P2VP-b-PEO diblock copolymer (Table 2).

Following the similar procedure, similar compositions of deuterated PS (d-PS)-b-P2VP-g-PEO

and PS-b-P2VP-g-d PEO miktoarm star copolymers were also synthesized.
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General Procedure for Synthesis of PS macroinitiator

In a 20-mL reaction vial, freshly distilled styrene, AIBN, and CTA-1b in 1,4 dioxane were added.
Different molar ratio of styrene: CTA-1b were taken based on the targeted molecular weights and
the AIBN: CTA-1b ratio of 1:20 was kept constant. The reaction mixture and was degassed using
N2, followed by polymerization at 60 °C for different time intervals to achieve the desired
conversion. After completion, the reaction mixture was quenched in an ice bath, diluted with ethyl
acetate and then precipitated in methanol. The precipitated polymer was filtered and dried

overnight under vacuum to give PS as a white powder.

General Procedure for Single Molecule Insertion (SM1) of Pentafluorophenyl Maleimide
(PFPMI)

In a 20-mL reaction vial, PS macroinitiator (1 equiv.) dissolved with appropriate amount of 1,4
dioxane was added. PFPMI (3 equiv.) and AIBN (0.1 equiv.) were added. The reaction vial was
sealed and degassed using N2 and immersed in a preheated oil bath heated at 60 °C for 3 days to
ensure completion insertion of the PFPMI molecule on the PS chain-end. The reaction mixture
was diluted using ethyl acetate and precipitated in methanol. The precipitated polymer was filtered

and dried under vacuum for 24 h to obtain PS-PFPMI as a white solid.

General procedure for synthesis of PS-PFPMI-b-P2VP diblock copolymer
In a 20-mL reaction vial, PS-PFPMI macroinitiator, freshly distilled 2-VP and AIBN dissolved in

1, 4 dioxane were added. The amount of styrene and AIBN was calculated based on the molar ratio
of 2-VP: macro-CTA and AIBN:macro-CTA (20:1) respectively. The reaction vial was sealed and
the polymerization was performed at 60 °C for a specific time interval to achieve the targeted
conversion. The reaction mixture was diluted using ethyl acetate upon completion and precipitated
in hexanes three times. The precipitated polymer was then filtered and dried under vacuum to yield

PS-PFPMI-b-P2V/P as a white solid.
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General Procedure for Grafting of Amine-Terminated PEO on PS-PFPMI-b-P2VP, diblock
copolymer

The synthesized diblock copolymer PS-PFPMI-b-P2VP was dissolved in chloroform in a 20-mL
reaction vial and amine-terminated PEO (1.1 equiv.) was added. NEts (0.1 equiv.) was added and
the vial was sealed and placed in a preheated oil bath at 60 °C for 3 days. On completion, the
reaction mixture was diluted with ethyl acetate, precipitated in cold diethyl ether, and dried under
vacuum for 24 h. To remove the excess PEO, the dried polymer was washed with water to yield

PS-b-P2VP-g-PEOQ star copolymer architectures (Table 2).

Table Al. 2: Molecular characteristics for PS-b-P2VP-g-PEO miktoarm star copolymers.

Sample ID PS P2VP PEO Mn
(Kg/mol) (Kg/mol) (Kg/mol) (Kg/mol)

PS-P2VP-PEO-1 4.4 4.4 4.4 11.3

PS-P2VP-PEO-2 8 8 8 22.7

PS-P2VP-PEO-3 16 16 16 45.2

A2. Synthesis of End-Labelled Polymers:

A2.1 Synthesis of a-Fe, o-Br end-labeled polymers
Synthesis of Ferrocene-ATRP initiator (FeBr-ATRP)

Ferrocene methanol (5 g, 23 mmol, 1.0 equiv) and triethylamine (16 mL, 115 mmol, 5.0 equiv)
were dissolved in 100 mL of dry dichloromethane (DCM) in a round bottomed flask under N>
atmosphere. This flask was immersed in an ice bath for 15 min, and then a-bromoisobutyryl
bromide (5.7 ml, 46 mmol, 2 equiv) was slowly added dropwise to the stirred solution over 30
mins. After stirring for 24 h at room temperature, the reaction mixture was filtered to remove the
triethylamine hydrobromide by-product. The filtrate was washed with a saturated solution of

sodium hydrogen carbonate (100 mL) three times followed by washing three times with deionized
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water (100 mL). The purified organic solution was dried using anhydrous MgSO4and DCM was
removed under reduced pressure. The crude reddish-yellow product was then purified by column
chromatography using silica gel as the stationary phase and hexane-Ethyl acetate solvent mixture
(9:1) as eluent (Scheme 2). The desired product FeBr-ATRP was obtained in 70% yield and was
stored in the refrigerator prior to use. The representative NMR is shown in Figure 1, the chemical
shifts 4-4.4 ppm correspond to the cyclopentadienyl ring protons from the ferrocene unit, while
the signals at the chemical shift 4.9 ppm corresponds to the methylene proton of the ATRP agent.

The protons at 1.8 ppm correspond to the -CHs protons at for the ATRP agent.

:::::

[[[[[[

Scheme 2: Synthesis of FeBr-ATRP initiator.
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Polymerization of Styrene and MMA using FeBr-ATRP initiator

The polymerization of styrene and MMA was carried out using FeOH-ATRP initiator as shown in
Scheme 3. Styrene (10 mL, 9 mmol) was added to a 20-mL reaction vial containing appropriate
amount of toluene as the solvent. FeBr-ATRP initiator based on the targeted MW, CuBr (1 equiv.
of the initiator) and N,N,N’,N" ,N"-Pentamethyldiethylenetriamine (PMDETA) (1 equiv. of CuBr)
were to the vial. The mixture was degassed using N2 and then heated at 90 °C for different time
intervals to achieve the required conversion which was monitored using *H NMR. On completion,
the reaction was quenched in an ice bath, diluted with ethyl acetate, and passed through a basic
alumina column to remove the copper from the solution. The filtrate was concentrates and

precipitated in methanol three times to yield polystyrene macroinitiator as a white powder.

Similarly, the synthesis of PMMA macroinitiator was performed using FeBr-ATRP initiator.

O)H(
Br

e
e

/

) CuBr, PMDETA e

Toluene, 90°C

7Y

o}

<

OCH;

0}

B

>0 -
O

Br
n

o) OCH,

|
@/\

o
Scheme 3: Synthesis of end-labeled PS and PMMA homopolymer using FeBr-ATRP initiator.
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Synthesis of Fe and Br end-labeled PS-b-PMMA diblock copolymer
The synthesis of end-labeled PS-b-PMMA diblock copolymer with the a and  chain-ends labelled

with ferrocene and bromine respectively. The synthesis was performed using ATRP living

polymerization with the synthesized FeBr-ATRP as the initiator (Scheme 4).

General Procedure for synthesis of a-Fe, ®-Br end-labeled PS-b-PMMA diblock copolymer

The chain extension with styrene was performed using the synthesized PMMA-FeBr macro
initiator for ATRP. In a 20-mL reaction vial, freshly distilled styrene and PMMA-FeBr based on
the targeted molecular weight in appropriate amount of toluene were added CuBr (1 equiv. of
PMMA-ATRP initiator) and PMDETA (1equiv. of CuBr) were and the reaction mixture was
degassed using N2 for 15 min, followed by polymerization at 90 °C for different time intervals to
achieve the desired conversion. After completion, the reaction mixture was quenched in an ice
bath, diluted with ethyl acetate and passed through a basic alumina column to remove the copper
from the solution. The filtrate was concentrates and precipitated in methanol three times to yield

end labeled PMMA-b-PS diblock copolymer as a white powder (Table 3).

(e}
Br
(D> A
C}ﬂ Cem 0
Fe
OCHs OCH3

Toluene, 90°C s

Scheme 4: Synthesis of end-labeled PMMA-b-PS homopolymer using FeBr-ATRP initiator.

The end-labeled PMMA-b-PS diblock copolymer characterization was performed using 1H-NMR
and THF GPC. The peaks corresponding to signals at ¢ 3.6 ppm corresponds to the methylene
proton of the ethyl ester of PMMA and signals between ¢ values 6-8 ppm corresponds to the

aromatic proton of styrene were observed. The peak ratios were used to calculate the individual
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volume fraction of the two blocks. The representative GPC traces for end-labeled PMMA-b-PS
diblock copolymer is shown in (Figure 2) successful chain extension for majority of the PMMA
chains with the presence of a small low MW shoulder indicating the presence of PS homopolymer.
This may be due to the some of the dead chains introduced either during the polymerization or

prior for the PMMA macroinitiator.
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Figure A2.1.2: a) GPC trace b) 'H NMR spectra for a-Fe, o-Br labeled PMMA-b-PS diblock
copolymer.

The synthesis of non-labeled PMMA-b-PS diblock copolymer was performed using CTA-1b

(Chapter 2). The molecular characteristics for the synthesized polymers is described in Table 4.

Table A2.1.1: Molecular characteristics for end-labelled PS, PMMA homopolymers and PMMA.-
b-PS diblock copolymers.

S.No. Name M.W (Kg/mol) b Notebook entry | Mole fraction
1 Fe-PS-Br-1 27.1 1.06 N2-FeOH-PS-Br-2
2 Fe-PS-Br-2 54 1.14 | N2-FeOH-PS-Br-3
3 Fe-PMMA-Br-1 30.5 1.11 |N2-Fe-PMMA-Br-4
4 Fe-PMMA-Br-2 475 1.14 |N2-Fe-PMMA-Br-6
5 Fe-PS-PMMA-1 89.2 1.19 [N2-Fe-PS-PMMA-3 36:64
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Table A2.1.2: Molecular characteristics for non-labelled PS, PMMA homopolymers and
PMMA-b-PS diblock copolymers

S.No. Name M.W (Kg/mol) b Notebook entry Mole fraction
1 PS-RAFT-1 274 1.09 N2-PS-RAFT-1
2 PS-RAFT-2 52 1.08 N2-PS-RAFT-3
3 PMMA-RA-1 30.5 1.1 N1-PMMA-RA-10
4 PMMA-RA-2 42.6 1.15 N1-PMMA-RA-26
5 PMMA-RA-PS-1 72 1.14 N1-PMMA-RA-PS-34 38:62

A2.2 Synthesis of a-5Br, ®»-3S End Labeled polymers

Synthesis of 5-Br-3S RAFT agent
The synthesis of RAFT CTA-1a was performed following a reported procedure.! CTA-1a was

modified to 5-Br-3S RAFT agent using dicyclohexylcarbodimide-4-N,N dimethaminopyridine
(DCC-DMAP) coupling reaction. In a round bottom flask, CTA-1a (3 equiv.), DCC (1.2 equiv.)
and 2,3,4,5,6- pentabromobenzyl alcohol (1 equiv.) were added to appropriate amount of
dichloromethane (DCM) and allowed to stir for 15 mins at 0 °C. After 15 mins, DMAP was added
and the solution was stirred at room temperature for 2 days (Scheme 4). The product obtained was
kept overnight in the refrigerator at -30 °C to precipitate the dicyclohexylurea (DCU) generated
during the reaction. The filtrate was concentrated was then purified by column chromatography
using silica gel as the stationary phase and hexane-Ethyl acetate solvent mixture (7:3) as eluent to

give yellow liquid as the product. 1-H NMR for the synthesized product is shown in figure 3.
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Figure 2.2.1: 'H-NMR for the synthesized 5-Br-3S RAFT agent.
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Scheme 6: Synthesis of 5-Br, 3-S labeled PS, PMMA and PMMA-b-PS diblock copolymers.

Synthesis of 5-Br, 3-S labeled PS, PMMA and PMMA-b-PS diblock copolymers

General Procedure for synthesis of 5-Br, 3-S labeled PS and PMMA homopolymers
In a 20-mL reaction vial, freshly distilled styrene, AIBN, and the synthesized 5-Br, 3-S RAFT

CTA in 1,4 dioxane were added (Scheme 6). Different molar ratio of styrene:CTA-1b were taken
based on the targeted molecular weights and the AIBN:CTA ratio of 1:20 was kept constant. The
reaction mixture and was degassed using N2, followed by polymerization at 60 °C for different
time intervals to achieve the desired conversion. After completion, the reaction mixture was
quenched in an ice bath, diluted with ethyl acetate and then precipitated in methanol. The
precipitated polymer was filtered and dried overnight under vacuum to give PS as a white powder

(Table 5). Following the similar procedure, the end-labeled PMMA homopolymer was

synthesized.
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General procedure for synthesis of 5-Br, 3-S labeled PMMA-b-PS diblock copolymer

In a 20-mL reaction vial, PMMA macroinitiator, freshly distilled styrene and AIBN dissolved in
1, 4 dioxane were added (Scheme 6). The amount of styrene and AIBN was calculated based on
the molar ratio of styrene:macro-CTA and AIBN:macro-CTA (20:1) respectively. The reaction
vial was sealed and the polymerization was performed at 60 °C for a specific time interval to
achieve the targeted conversion. The reaction mixture was diluted using ethyl acetate upon
completion and precipitated in methanol three times. The precipitated polymer was then filtered
and dried under vacuum to yield 5-Br, 3-S labeled PMMA-b-PS diblock copolymer as a white

solid.

Table 2.2.1: Molecular characteristics of synthesized 5-Br, 3-S labeled PS, PMMA
homopolymers and PMMA-b-PS diblock copolymers.

M.W

(Kg/mol) Mole
S.No. Name GPC b |fraction
1 Brs-PS-S3-1 26.5 1.08
2 Brs-PS-S;3-2 54 11
3 Brs-P4VP-Ss-1 28.5 1.17
4 Brs-P4VP-S;-2 47 12
5 Brs-PS-b-P4VP-S;s-1 49 1.14 | 55:45
6 Brs-PS-b-P4VP-S;3-1 110.7 | 1.15 | 50:50
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