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Abstract

Self-assembly is ubiquitous in nature. A diverse range of materials with exceptional properties are
accessed from a limited number of sub-units, through controlling structural order on all length-
scales. Achieving the same level of control to access functional materials akin to those in nature is
a key challenge in chemistry. Self-assembly of block copolymers (BCPs) offers a valuable bottom-
up route, governed by non-covalent interactions, to access ordered assemblies on the nanoscale.
Anisotropic nanostructures, such as one- and two-dimensional (1D and 2D) micelle morphologies,
are of particular interest for various applications including those in biomedicine, catalysis,

optoelectronics, and materials engineering.

Crystallization-driven self-assembly (CDSA) of BCPs containing a crystallizable core-forming
segment presents a robust route to preparing 1D and 2D micelles. Significantly, the use of pre-
existing seed micelles in a process termed living CDSA allows access to 1D and 2D nanostructures
of controlled size and low size-dispersity. Although CDSA protocols represent powerful tools for
the formation controlled 1D and 2D nanostructures, key challenges associated with scale-up of
these processes remain. In most cases, increasing the concentration at which living CDSA is
performed results in competitive self-nucleation, compromising micelle size-control
and -dispersity. Living polymerization-induced crystallization-driven self-assembly (PI-CDSA)
has been presented as a promising alternative route to accessing scalable 1D micelles. In this case,
the polymerization, self-assembly, and seeded growth of a BCP containing a crystallizable core-
forming segment occur in situ. However, the scope of living PI-CDSA is currently limited to the

use of polyferrocenylsilane (PFS)-based BCPs.

Owing to the diverse range of crystalline core chemistries compatible with CDSA protocols, and
therefore various promising applications of 1D and 2D micelles, scale-up is essential to facilitate

their further investigation and application. The work presented in this thesis focusses on upscaling



the preparation and processing of controlled 1D and 2D micelles with a crystalline core. The
scalable preparation of low dispersity 2D platelet micelles by living CDSA of a charge-terminated
PFS homopolymer with surfactant counteranions is presented in Chapter 2. Here, fundamental
insight into the effects of living CDSA concentration on platelet dimensions, structure fidelity, and
aggregation behaviour is provided. In Chapter 3, the scope of living PI-CDSA is extended to access
scalable length-controlled low dispersity 1D nanofibers containing a biodegradable
poly(fluorenetrimethylenecarbonate) (PFTMC) crystalline core. PFTMC-based 1D fibers are of
interest for biomedical applications, hence, in this work, it is demonstrated that living PI-CDSA
can be used to prepare fibers exhibiting biologically-relevant lengths at scalable concentrations. In
Chapter 4, the scalable formation of low dispersity 1D micelles by living CDSA of a PFS-based
BCP in a continuous flow setup is explored. Processing of 1D micelles into microfibers using
simple, low cost, and high throughput electrospinning techniques is demonstrated in Chapter 5.
Finally, Chapter 6 summarises the contribution of this thesis to improving the scalability of CDSA

protocols and provides future directions for this work.



Table of Contents

SUPEIVISOrY COMIMITEEE .....eiiiiiiiite ittt r e snenn e ii
AADSITACT . ...ttt iii
TabIE OF COMLENES ...ttt v
I o) T 0 1SS X
LISt OF SCREIMES......c. e XXiv
LISE OF TADIES ...ttt XXVi
ADDIEVIATIONS ...t bbbttt XXX
ACKNOWIEAGEMENTS ...t bbb XXXVi
Chapter 1 INEFOOUCTION ......eiiiitiiteieetee e bbbttt nb b e 1
1.1 Bottom-Up Self-Assembly and Hierarchy in NatUre ...........ccocovvieiiieinieine e 1
1.2 Self-Assembly of Small MOIECUIES...........ccoveiiiiciice e 3
1.3  Self-Assembly of BIOCK COPOIYMENS .......ocveiiiiiciiiie et 5
1.3.1 Bulk Self-Assembly of BIock COPOIYMErS........cccciiieiiiiiie e, 6

1.3.2 Solution Self-Assembly of Block Copolymers with an Amorphous Core-Forming

BlOCK bbb 7
1.4 Crystallization-Driven Self-AssembIY ... 9
14.1 Influence of Core Crystallization on Self-Assembly ..., 10
1.4.2 Crystallization-Driven Self-Assembly of PFS-Containing Block Copolymers.....11

1.4.3 Crystallization-Driven Self-Assembly of non-PFS-Containing Block Copolymers..

1.5  Living Crystallization-Driven Self-ASSembIY ... 15

151 Living Crystallization-Driven ~ Self-Assembly of PFS-Containing Block
(000 010 ] 1Y/ 1 =T =SSR RRUSSS 17

152 Living Crystallization-Driven Self-Assembly of non-PFS-Containing Block
(070 0T ] 1Y/ 1T =TSSR RPUSSS 19



1.6 Polymerization-Induced Self-ASSEMDIY .........ccooiiiiiiiiir e 21

1.6.1 Polymerization-Induced Self-Assembly of Block Copolymers with an Amorphous

Core-FOrming BIOCK .........coo it st nne s 22
1.6.2 Polymerization-Induced Crystallization-Driven Self-Assembly ............ccccccve..... 25
1.6.3 Living Polymerization-Induced Crystallization-Driven Self-Assembly................ 27

1.7  Applications of Block Copolymer Micelles Prepared via Crystallization-Driven Self-

F =1 111 0] Y RSP SS RSSO 28
1.7.1 Applications of 1D MICEIIES ........cccveieiiie e 28
1.7.2 Applications 0f 2D MICEHES .........ccveieiicieie e e 30

1.8 Thesis ReSearch ODJECLIVES ......ccvcvciiiicice e 31

1.9  Thesis Summary and Collaborator Acknowledgements............coceveieiiiiniinincncneen, 32
19.1 TRESIS SUMMATY......oiiiiiiieiieeie e 32
19.2 Collaborator ACKNOWIEAGEMENTS.........ciiiiriiieieieese e 33

110 RETEIENCES ..ottt bbbttt b 34

Chapter 2 Towards Scalable, Low Dispersity, and Dimensionally Tunable 2D Platelets Using

Living Crystallization-Driven Self-ASSEMDIY ..ot 52
2.1 ADSITACT. ...ttt 52
2.2 INEFOTUCTION ...ttt bbb 53
2.3 ReSUIS aNd DISCUSSION .....vviuiiiieiiieiisieii ettt 55

2.3.1 Synthesis and Characterization of Phosphonium-Capped PFS Homopolymers with

SUfaCtant COUNTEIANIONS .........civiiieieiie ettt ettt sb e et besae s e besaaesresraenbesbeetaebesaes 55
2.3.2 Scaled Preparation of 1D PFS-b-P2VP Cylindrical Seeds ..........ccccoeevveiiivevnenenn, 57

2.3.3 Growth of 2D Platelet Micelles via Living CDSA of Phosphonium-Capped PFS

Homopolymers with a Surfactant Counteranion at Low Concentration (0.01 wt%)............. 59
2.34 Growth of 2D Platelet Micelles at Higher Concentrations (0.1-0.4 wt%)............. 61
2.4 SUMIMAIY ..ottt sttt btk bt b e bt s bt e e bt e he e e bt e b e e st e s bt e b e e bt sre e b e nbe e 71
2.5 RETEIBNCES. ... ettt 72
2.6 Supplementary Material..........cccooiiriiiiiie e 80

Vi



2.6.1 MaterialsS anNd MENOUS. .......vveeeeeee ettt ettt et e e e e e s e e e e e e e e e e enreees 80

2.6.2 INSEIUMENTALION ... s 80
2.6.3 SYNENELIC PrOCEUUIES.......eeeiiiieieieeee st 83
2.6.4 Self-AsSEMDBIY PrOCEAUIES .......ccuvcieeie e 89
2.6.5 SUPPIEMENTANY FIGUIES ....veveeeie et sttt ne e 90
2.6.6 SUpPlEMENLArY TabIES.......ccviieiecce e 110
2.6.7 Supplementary REfEIENCES. ......cooviviii it 115

Chapter 3 Scalable, Low Dispersity, and Length-Tunable Block Copolymer Nanofibers with a

Biodegradable Polycarbonate Core via Living Polymerization-Induced Crystallization-Driven

SEIF-ASSEMDIY ..o e e re et e re et sreeraerenre s 116
Bl ADSITACT ...ttt 116
3.2 INEFOTUCTION ...ttt b et 117
3.3 ReSUILS aNd DISCUSSION ...c.vouveuieiieiieiiiiistesiesie sttt 120

331 Preparation of polydisperse PEGas-b-PFTMC, fibers via PI-CDSA at various
CONCENLIAtiONS (5—20 WEDD) ....c.veeiieiieiiciisie st 120

3.3.2 Preparation of PEG,0s5-b-PFTMC7 seed micelles (L, = 39 nm) at 10 wt% via PI-
CDSA and SubSeqUENT SONICALION ........c.ceviiiiiiiiriiteieie et 130

3.33 Preparation of scalable, low dispersity, and length-controlled PEG2s-b-PFTMC,

NaNOoTibErs Via livINg PI-CDSA ...t 132
3.34 Comparison of the living PI-CDSA process with that of living CDSA............... 137
3.4 SUIMMIAEY <ttt ettt s e et e et et e e s s e e et e e snte e e seeesseeeanteeeanbeeenneeeseeesseeesnteeansenens 140
3.5 REIBIBNCES. ...ttt 140
3.6 Supplementary Material..........ccoooiiiiiiiiie e s 150
3.6.1 Materials and MEethOUS...........coooviiiiiieee s 150
3.6.2 INSTIUMENTATION ...t 150
3.6.3 SYNENELIC PIOCEAUIES.........eitiiieiieiteiteie et 152
3.6.4 Self-ASSEMDIY PrOCEAUIES ........ocviiiieieieies et 153
3.6.5 SUPPIEMENTANY FIQUIES ..ottt 156

vii



3.6.6 Supplementary TabIES..........coiiiiiie e 171
3.6.7 Supplementary REFEIENCES.........coiiiiiiiieeei e 176

Chapter 4 Scalable Preparation of 1D Micelles via Living Crystallization-Driven Self-

Assembly in CoNtINUOUS FIOW ..o 177
AL ADSIIACT. ...t 177
4.2 INEFOTUCTION .....cuitiiiitiietee bbbt 177
4.3 ReSUItS and DISCUSSION .......oviviiiiiriiiiieiiit ettt 179

43.1 Synthesis and Characterization of PFS32-b-P2VPago.......cccovvviveieiieiiieecic e 179

4.3.2 Preparation of Polydisperse PFSsz-b-P2VPag fibers via CDSA in Continuous Flow

4.3.3 Preparation of PFSs»>-b-P2VPi Seed Micelles via Synchronous CDSA and

SoNICAtioN IN CONTINUOUS FIOW ......oieeie ettt et e et e e et e e e et e e e st e e e e e 182

434 Preparation of Low Dispersity PFSz-b-P2VP.g Cylindrical Micelles via Living

CDSA IN CONINUOUS FIOW ......oviiiiiieieisses e 185
A4 SUMIMAIY ..oeiieeiiie ittt et b e s e e e b e e e s b e e b e e b s Rt e n e s R e e seenbeare e nesreannenne e 189
A5 RETEIBINCES. ...ttt bbbttt 190
4.6  Supplementary MaterialS ...........cooiiiiiiiiiiicce s 195

46.1 Materials and MEtNOUS..........ccooiiiiiiiiiee e 195

46.2 Continuous FIOW INStruMEeNtation...........ccoeoviiiieniiineceee e 195

46.3 INSEFUMENTALION ...ttt 196

4.6.4 SYNEhELIC PrOCEAUIES......cviiticie ettt 197

4.6.5 Self-AsSEMBIY PrOCEAUIES .......ccviciiiece et 198

4.6.6 SUPPIEMENTANY FIQUIES ..ottt 199

4.6.7 Supplementary TaDIES.........ooo i 204

4.6.8 Supplementary REFEIENCES. .......cci i 207

Chapter 5 Electrospinning and Coaxial Electrospinning of 1D Fiber-Like Micelles............... 209
5.1 ADSITACT . ... e bbb 209
5.2 INEFOAUCTION ...t 209



5.3 ReSUILS aNd DISCUSSION ......oviuverieiieiiiiisiesieste e 211
531 Coaxial Electrospinning of PFS-Based 1D Micelles with Polystyrene................ 211

5.3.2 Extension of Coaxial Electrospinning Approach to PDHF17-b-P2VP150 1D Micelles

WITH POIYSEYTENE. ...t 215
5.3.3 Electrospinning of Plig-b-PFSz7 1D Micelles........cooevviviiieiieiecececee 217
TR 1141 1 - PSPPSR 220
5.5 REFBIBNCES. ..ottt e 221
5.6  Supplementary Material..........c.cccvivieiiiiiieiecieie e 228
5.6.1 Materials and MethOaS...........coeiiiiiiiiiici e 228
5.6.2 INSTIUMENTALION ...t 228
5.6.3 SYNENELIC PIOCEAUIES........eiviiiiiiiteieeieeee e 230
5.6.4 Self-ASSEMDIY PrOCEAUIES ........ocviiiieieieieies et 232
5.6.5 SUPPIEMENTANY FIGUIES ..ottt 232
5.6.6 SUPPIEMENTArY TabBIES.......ccviie e 237
5.6.7 Supplementary REfEIENCES. ......ccviviiiiecece e e 239
Chapter 6  Summary and OULIOOK ...........cccoviiiiiiiiiecc e e 241
6.1  Summary and FULUIE WOTK........ccooiiiiiiecic et sttt 241
6.1.1 Upscaled Preparation of Low Dispersity 2D Platelet Micelles..........c.cccccovenenee. 241

6.1.2 Upscaled Preparation of Low Dispersity 1D Nanofibers with a Biocompatible

(07 VS 1 T LT o] S 242
6.1.3 Preparation of 1D Cylindrical Micelles in Continuous FIow...........c.cccccveevennnee. 243
6.1.4 Electrospinning and Coaxial Electrospinning of 1D Micelles.............cccccoennnee. 245
T © 11 [0 PSR 246
6.3 RETEIBNCES. ... 247



List of Figures

Figure 1.1 Hierarchical structure of bone. Adapted and reproduced with permission from
=] (=TT aTol TR PR 2

Figure 1.2 Cartoon representation of (a) the structure of a surfactant molecule; (b) the factors which
affect the packing parameter, P, where v = the volume of the hydrophobic chain, a; = the contact
area of the hydrophilic headgroup at the aggregate interface, and I. = the length of the hydrophobic
tail normal to the interface; (c) the micelle morphologies of small molecular amphiphiles

demonstrated with respect to the packing parameter, P..........cccove i 5

Figure 1.3 (a) Theoretical phase diagram for a linear BCP showing the degree of segregation (yN)
against the volume fraction of a block (f). Morphologies: lamellae (L), hexagonally packed
cylinders (H), body-centred spheres (Q?%°), double-gyroid phase (Q%°), close-packed spheres
(CPS), or disordered (DIS). (b) Schematic depicting the morphologies accessed through BCP self-
assembly in bulk depending on BCP structure. Adapted and reproduced with permission from

LY (T =T A [T R TR 6

Figure 1.4 Cartoon representation of (a) the structure of an amphiphilic BCP with an amorphous
core-forming block; (b) the factors which affect the packing parameter, P, where v = the volume of
the solvophobic chain, ao = the contact area of the solvophilic—solvophabic interface, and I; = the
length of the solvophobic tail normal to the interface; (c) the micelle morphologies of amphiphilic
BCPs with an amorphous core-forming block demonstrated with respect to the packing
PAFAIMETET, P .. ettt h e s e bt e ek e e e sa bt e e kb e ekt e e sabe e e shbeeenbe e e bn e e nnre e e nreenans 8

Figure 1.5 (a) General structure of PI-b-PFS with block DP, values of x and y, respectively. TEM
images (top) and cartoon representations (bottom) of (a) cylindrical and (b) platelet micelles
prepared by CDSA of PI-b-PFS. BCP structure and block ratio are also noted below. Adapted and

reproduced with permission from reference 32. Scale bars: (b) 250 nm, (c) 500 nm.................... 13

Figure 1.6 TEM images of monodisperse 1D micelles prepared by living CDSA at various
Munimer/Mseed Values of (a) 5, (b) 10, (¢) 20, and (d) 40. (e) Histograms of the micelle length
distributions of samples (a)—(d). Inset of (e) shows the linear dependence of micelle length on

Munimer/Mseed. Reproduced with permission from reference 89. Scale bars: 500 NM. .........c.ccceee. 15

Figure 1.7 1D and 2D PFS-based micelles prepared by living CDSA. (a) Laser scanning confocal

microscopy image and cartoon representation of fluorescent 1D multiblock comicelles prepared by



seeded growth of different dye-functionalized PDMSego-b-PFSeo unimers from PDMSeggo-b-PFSeo
seeds. Adapted from reference 97. (b) TEM image and cartoon representation of 2D lenticular
platelet micelles prepared by seeded growth of PFSi13-b-PDMSse unimer from 1D PFSas-b-
PDMSseo seed micelles. Adapted from reference 101. (¢) TEM image and cartoon representation
of 2D rectangular, patchy platelet micelles prepared by seeded growth of a PFSzs-b-P2VPsg2/PFS2o
unimer blend from 1D PFSzs-b-PDMSsgo seed micelles. Adapted from reference 102. (d) TEM
image and cartoon representation of a 2D rectangular platelet micelles prepared by seeded growth
of PFSx[PPhaMe]l unimer from 1D PFS2s-b-P2VPasy seed micelles. Adapted from reference 54.
Scale bars: () 5 um (inset: 1 um), (b) 500 NM, (C, d) 2 M. c.ccvveiiiieice e 18

Figure 1.8 Representative TEM images and the corresponding morphology map of a series of
poly(glycerol monomethacrylate)-b-poly(2-hydroxylpropyl methacrylate) (PGMA-b-PHPMA)
BCPs prepared by RAFT-mediated PISA at concentrations of 10-25 wt%. S = spheres, W = worms
(cylinders), V = vesicles. Reproduced with permission from reference 129..........cccccoecvvviverennee. 23

Figure 1.9 (a) SAXS patterns recorded in situ during the RAFT-mediated PISA preparation of
PGMAs-b-PHMPAq0 vesicles at 10 wt%. Labelled are the onset of micellar nucleation, as well as
the main morphologies (spheres, worms, vesicles). (b) Change in low q gradient (where q =
scattering vector) during PISA. The morphologies corresponding to each gradient are labelled.

Reproduced with permission from reference 124. ... iieiiie e 24

Figure 1.10 TEM images and cartoon representations of polydisperse PI-b-PFS micelles prepared
by PI-CDSA at 10 wt% in 10 vol% THF/hexanes at corona-to-core block ratios of (a) 1:1, to access
2D lenticular platelet micelles, or (b) 5:1 and (c) 10:1, to access 1D cylindrical micelles. Solutions
were diluted to 1 mg/mL for TEM imaging. Scale bars: 1 um. Reproduced with permission from
L= (=TT aTor I 1 SR 25

Figure 1.11 Living PI-CDSA of PI-b-PFS at 10 wt% in 10 vol% THF/hexanes with a corona-to-
core block ratio of 5:1. (a) Schematic representation of the preparation of low dispersity Pl-b-PFS
cylindrical micelles by living PI-CDSA. TBP = 4-tert-butylphenol, used as the quenching agent.
TEM images of (b) small seed micelles and low dispersity cylindrical micelles prepared by using
unimer-to-seed ratios (Munimer/Mseed) OF (€) 3:1, (d) 6:1, (e) 12:1. Scale bars: 1 um, (b) inset: 200 nm.

Reproduced with permission from reference 138. ... 28

Figure 2.1 Chemical structures of (a) PFS homopolymers and (b) PFS2-b-P2VP3g4 BCP utilized
TN TS STUAY. ..ottt sttt sttt e e s been e e teeneeneesbeeneeseeereeneenneas 56

Xi



Figure 2.2 TEM images of (a) polydisperse 1D micelles prepared by CDSA of PFSz-b-P2VP3g4 in
iPrOH at 5 mg/mL after solvent evaporation and (b) low dispersity 1D seed micelles prepared by
sonication and subsequent annealing of polydisperse PFSz4-b-P2VPsgs micelles in iPrOH at
5 mg/mL (L, = 26 nm, Lw/L, = 1.19). Solution samples of 1 mg/mL were drop-cast and imaged
after solvent evaporation. Scale bars: (a) 2 pum, (b) 500 NM. ..o 58

Figure 2.3 (a) Schematic representation for the formation of uniform 2D platelet micelles by the
living CDSA of PFSy3[PPh.Me]X (X = I, SDS or AOT) from cylindrical PFS4-b-P2VP3g4 seeds.
(b) Linear dependence of PFSz[PPh.Me]X platelet area (A,) on unimer-to-seed mass ratio
(Munimer/Mseed) at 0.01 wt% in iPrOH for X =1 (purple), SDS (blue), AOT (red). Error bars represent
the standard deviation of measured areas. Representative TEM images of (c) PFS23[PPh.Me]l, (e)
PFS23[PPh,Me]SDS and (e) PFS23[PPh,Me]AOT platelet micelles formed by seeded growth from
PFS24-b-P2VP3g4s 1D seed micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH at 0.01 wt% and
Munimer/Mseed = 10. SCAIE DAIS: L M. ..o 60

Figure 2.4 Representative TEM images of (a)—(d) PFSz[PPh.Me]l, (e)-(h) PFS2s[PPh,Me]SDS
and (i)—(l) PFSzs[PPh.Me]AOT platelet micelles formed through seeded growth from PFSz-b-
P2VP334 1D micelles (Ln = 26 nm, Lw/Ly = 1.19) in iPrOH at Munime/Mseed = 10 and at various
concentrations (0.1-0.4 wt%). Scale bars: L M. ....c.coviiiiiiiiicic e 63

Figure 2.5 Dependence of PFS,3[PPh,Me]SDS platelet (2) number-average area (An), (b) number-
average aspect ratio (Rn), (¢) number-average length (L), and (d) number-average width (W,) on
concentration (0.01-0.4 wt%) of the 2D living CDSA experiments in iPrOH. PFS;3[PPh,Me]SDS
platelets were formed through seeded growth from PFS24-b-P2VP3g4 1D micelles (L, = 26 nm, Lw/Ln
=1.19) in iPrOH at Munimer/Mseed = 10. Error bars represent the standard deviation....................... 64

Figure 2.6 (a) Low-angle annular dark field (LAADF) image of PFSy[PPh,Me]SDS platelet
micelle formed through seeded growth from PFSz-b-P2VP3gs 1D micelles (L, = 26 nm, Lu/L, =
1.19) in iPrOH at 0.4 wt% and Munimer/Mseed = 10 and (b)—(i) the corresponding arc-type SAED
patterns of different regions along the platelet micelle. Coloured circles indicate the beam location
(beam size = 70 nm) at which data was collected for the corresponding SAED experiments. Scale
bars: (a) 200 NM, (0)—(1) 2 MM .o 65

Figure 2.7 Representative TEM images of (a) PFS23[PPh,Me]SDS and (b) PFS23[PPh.Me]AOT
platelet micelles formed through high concentration (0.4 wt%) seeded growth at 40 °C from PFS;s-
b-P2VP3s4 1D micelles (Ln = 26 nm, Lw/Ln = 1.19) in iPrOH at Munimer/Mseed = 10. Scale bars: 1 pm.

xii



Figure 3.1 The effect of concentration on FTMC monomer conversion during the (a) PEG2os-
macroinitiated ROP in the PI-CDSA of PEG2s-b-PFTMC,, in 20 vol% DCM/MeCN at 5-20 wt%,
targeting a final block ratio of (b) 5:1 or (c) 11:1. Data was obtained from *H NMR integration.

Figure 3.2 Representative TEM images of PEGzs-b-PFTMC, micelles (target DP, = 40, target
block ratio = 5:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at (a)—(c) 5 wt%, (d)—(f) 10 wt%,
(9)—(i) 15wt%, or (j)—(I) 20 wt%, observed at 1, 2, or 48 h after macroinitiation. Higher
magnification insets of (d) and (e) show intermediate morphology, with red box indicating location
of inset. Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution
(3 wt% in ethanol), and imaged after solvent evaporation. Scale bars: (a)—(h), (j)—(1) 500 nm, (d, €)
inset: 200 NM, (1) 2000 NIML. ..ouviiiiiieieieeee ettt b b nnennen e 125

Figure 3.3 Representative TEM images of PEGas-b-PFTMC, micelles (target DP, = 18, target
block ratio = 11:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at (a)—(c) 5 wt%, (d)—(f)
10 wit%, (g)—(i) 15 wt%, or (j)—(I) 20 wt%, observed at 1, 2, or 48 h after macroinitiation. Solution
samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution (3 wt% in ethanol), and

imaged after solvent evaporation. Scale bars: (a, d) 1000 nm, (b, ¢) and (e)—(l) 500 nm............ 128

Figure 3.4 Representative TEM images of (a) polydisperse PEG2os-b-PFTMC7 fibers prepared via
PI-CDSA in 20 vol% DCM/MeCN at 10 wt% and (b) seed micelles prepared by sonication of
polydisperse PEG2s-b-PFTMC;; fibers for 6 h at 10 °C and 10 wt% (L. = 39 nm, Lu/L, = 1.18). (c)
Plot illustrating dependence of PEG20s-b-PFTMCy- fiber L, on sonication time. Error bars represent
standard deviation of measured L,. Solution samples of 0.5 mg/mL were drop-cast, stained with
uranyl acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bars:
o100 1] o RSP PP O PR PR 131

Figure 3.5 (a) Schematic representation of the preparation of low dispersity length-controlled
PEG0s-b-PFTMC, nanofibers (target DP, = 18, target block ratio = 11:1) via living PI-CDSA from
PEGa20s-b-PFTMC17 seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and various
Munimer/Msees. DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene, was used as the ROP catalyst. (b—g)
Representative TEM images of low dispersity length-controlled PEG2s-b-PFTMC, nanofibers
(target DP, = 18, target block ratio = 11:1) prepared via living PI-CDSA from PEGzgs-b-PFTMC17
seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and Mynimer/Mseed Values of (b) 2, (c)
5, (d) 10, (e) 15, (f) 20, and (g) 30. TEM images were obtained after (b—€) 48 h or (f, g) 7 days.

Xiii



Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution (3 wt% in
ethanol), and imaged after solvent evaporation. Scale bars = 500 NM.........cccooevvvieeieiireiennnnns 133

Figure 3.6 (a) Plot illustrating the dependence of fiber length (L,) on the Munimer/Mseea after 48 h
(Munimer/Mseed < 15) or 7 days (Mynimer/Mseed = 20 0r 30). (b) Plot illustrating the dependence of fiber
length (Ln) on the Mynimer/Mseed at 2 < Munimer/Mseed < 40 after 48 h (blue) or 7 days (purple) overlaid
with theoretical L, values (grey). Grey area represents theoretical error in L, based on the upper
and lower standard deviation of the L, of the seed micelles, (L, + o) and (L, — o). Error bars

represent standard deviation 0f MEASUIEA L. ....ccvcveiiiiiiiii e 135
Figure 4.1 Chemical structure of PFSs2-b-P2VPago utilized in this study. .........cccoovviiriiinnnne. 180

Figure 4.2 (a) Effect of residence time on the micelle length obtained from synchronous
CDSA/sonication in continuous flow. Error bars represent standard deviation of the measured
length. Samples were either spotted immediately from the flow process (no ageing, blue) or were
aged in batch for 24 h before being spotted (purple). (b) TEM image of PFSs-b-P2VP.g seed
micelles (L, = 36 nm, Lw/L, = 1.06) prepared by synchronous CDSA/sonication in continuous flow
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Figure 4.3 TEM images of PFS32-b-P2VPag, cylindrical micelles prepared by living CDSA from
PFS32-b-P2VPago seed micelles (L, = 39 nm, Lu/L, = 1.09) in continuous flow using a packed-bed
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Figure 5.1 (a) Low magnification and (b), (c) high magnification SEM images of microfibers
prepared via coaxial electrospinning of 1D Plig-b-PFSy7 micelles (2.8 wt% in 20 vol%
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imaging for a microfiber prepared via coaxial electrospinning of Plig-b-PFSy7 micelles (2.8 wt%
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in 20 vol% THF/hexanes, shell) with PS (7 wt% in DMF, core). Areas rich in Plig-b-PFS27 and PS
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Figure S2.1 *H NMR spectra (in CDCls) of (a) PFSzsPPh,, compared with quaternized (b)
PFSz3[PPhoMe]l, (c) PFSxs[PPh.Me]SDS and (d) PFS23[PPh.Me]AOT. Small peaks at 4.56—
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Figure S2.2 3P NMR spectra of (a) PFS,3PPh, compared with quaternized (b) PFSzs[PPh.Me]l,
(c) PFSx3[PPh,Me]SDS and (d) PFSz3[PPh.Me]AOT. Triphenylphosphine (100 mg/mL in THF)
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Figure S2.10 Representative TEM images of PFS23[PPh.Me]SDS platelet micelles formed through
seeded growth from PFS24-b-P2VPsgs 1D micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH at
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Figure S2.13 Contour area distributions of PFS2[PPh,Me]AOT platelet micelles formed through
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0.1 mg/mL (0.01 Wt%) and Various Munimer/Mseed. «.veveereeeesrereerieseeieesesieessessesseessessesssessesaessesens 103

Figure S2.14 Dependence of PFSy3[PPh,Me]X platelet (a) number-average area (An), (b) number-
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2D living CDSA concentration in iPrOH. X =1 (purple), SDS (blue), AOT (red). Error bars
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Figure S2.17 Representative intensity distribution DLS plots of PFSz3[PPh.Me] X platelet micelles
formed through seeded growth from PFS;4-b-P2VPsgs 1D micelles (L, = 26 nm, Lu/L, = 1.19) in
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iPrOH at a Munimer/Mseea Of 10 and at (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.3 wt%, and (d) 0.4 wt%. X =1
(purple), SDS (DIUE), AOT (FBA). ..eveeeteieieieeee sttt 107
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Figure S3.1 GPC traces (refractive index) eluted in triethylamine/THF (1 vol%) at 1 mL/min and
35 °C of PEG2os (red trace) and PEG20s-b-PFTMC,, BCPs prepared via PI-CDSA at 5-20 wt% and
48 h after macroinitiation, with (a) a target PFTMC DP, = 40 (target block ratio = 5:1) and (b) a
target PFTMC DP, = 18 (target block ratio = 11:1). The y-axis reflects the distribution of weight
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Figure S3.2 Representation of the experimental procedure of the preparation of polydisperse
PEGa0s-b-PFTMC, fiber-like micelles via PI-CDSA at high percentage solids of up to 20 wt% in
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and solvent evaporation. Solution samples were drop-cast, stained with uranyl acetate solution
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Figure S3.15 Representative TEM images of PEG20s-b-PFTMCi, nanofibers (target DP, = 18, target
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were drop-cast, stained with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent
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Figure S3.18 Representative TEM images of PEG0s-b-PFTMC, nanofibers (target DP, = 18, target
block ratio = 11:1) prepared via living PI-CDSA from PEGaes-b-PFTMC37 seed micelles (L, =
39 nm) in 20 vol% DCM/MeCN at 10 wt% and Mynimer/Mseed = 20 at 35 °C after (a) 48 h or (b) 7
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Figure S3.20 'H NMR (500 MHz, CD,Cl,) of PEGas-b-PFTMCys prepared via ROP in DCM.
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Figure S3.22 Representative TEM images of PEG20s-b-PFTMCyo fibers prepared via (a, b) living
CDSA or (c) living PI-CDSA from PEGgzes-b-PFTMCy7 seeds (L, = 39nm) in 20 vol%
DCM/MeCN at 10 wt% and muime/Mseed = 20 after 7 days. Solution samples of 0.5 mg/mL were
drop-cast, stained with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent
evaporation. Scale bars: (a) 2000 nm. (b, €) 500 NM. ....ccooiiiiiiiiiiee s 169

Figure S3.23 TEM image of PEG205-b-PFTMCs fibers (L, = 294 + 90 nm, Lw/L, = 1.09) prepared
via living CDSA from PEGs-b-PFTMC;7 seeds (L, = 39 nm) in 20 vol% DCM/MeCN at
0.06 wt% and mynimer/Mseed = 10 after 48 h. A solution sample was drop-cast, stained with uranyl

acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bar: 500 nm.. 170

Figure S3.24 Representative TEM images of PEGas-b-PFTMC19 nanostructures prepared via
CDSA at 0.06 wt% in (a) 20 vol% DMSO/MeOH or (b) 20 vol% DCM/MeCN. Scale bars: 500 nm.

Figure S4.1 *H NMR spectra (in CD2Clz) 0f PFS32-0-P2VPugo....c.cvcveeieeieiceeeceieeiceee s 199

Figure S4.2 Contour area distributions of PFSz»>-b-P2VP4go seed micelles formed by synchronous
CDSA and sonication in continuous flow (20 vol% THF/iPrOH, 5 mg/mL) (a)—(e) with no ageing,
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Figure S4.3 TEM images of PFSs-b-P2VP.i seed micelles prepared by synchronous
CDSA/sonication in continuous flow (20 vol% THF/iPrOH, 5 mg/mL) (a)—(e) with no ageing, or
(F)—(i) after 24 h ageing. Residence times = (a, f) 11, (b, g) 22, (c, h) 45, (d, i) 90, and (e, j) 120 min.
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Figure S4.6 TEM images of PFSa2-b-P2VPg0 cylindrical micelles prepared by living CDSA from
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prepared in 28 vol% THF/iPrOH at 1 mg/mL, using Munimer/Mseed = 5. Solution samples were drop-
cast immediately from collection vial, with no ageing, and imaged after solvent evaporation. Scale
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Figure S4.7 TEM images of PFSs,-b-P2VP.go cylindrical micelles prepared by living CDSA from
PFS32-b-P2VPago seed micelles (L, = 39 nm, Lu/L, = 1.09) in continuous flow using a packed-bed
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Figure S5.1 SEM image of microfibers formed via electrospinning of 7 wt% PS (M, = 1.4 x
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Chapter 1

Chapter 1 Introduction

1.1 Bottom-Up Self-Assembly and Hierarchy in Nature

Nature’s ability to precisely control structural order on all length-scales allows for materials with
exceptional properties to be prepared.? This unprecedented control is achieved through self-
assembly. Definitions of the term “self-assembly” are boundless in the literature, resulting in
ambiguity.® Herein, we limit the definition to the autonomous organization of components into
high-order structures, whereby the final structure is encoded into the precursors of the material
itself.>® Examples of self-assembled systems are ubiquitous in nature and include those on the
molecular level, such as lipid bilayers; those on the planetary scale, such as weather systems; and

those that form hierarchical materials such as wood, muscle, and bone.>36

Bone is a fascinating example of a natural hierarchical structure that is composed of cells in an
extracellular matrix consisting of both inorganic and organic phases.”® The structure of bone ranges
over several length-scales from the nanoscale to the macroscopic physiological scale, as shown in
Figure 1.1.78 Bone exhibits excellent mechanical properties whilst being lightweight, self-healing,
and adaptive,® all of which is owed to the precise organization of its components on the nanoscale.’
The organic phase of bone is composed of collagen, the most abundant protein in the human body,
stabilized by water and a series of lipids and non-collagenous proteins.” At the lowest hierarchical
level, tropocollagen is formed from three separate collagen molecules folded in a triple helix
configuration with a length of ca. 300 nm and a diameter of ca. 1.5 nm.”® At the next level of
hierarchy, five tropocollagen triple helices self-organize into collagen microfibrils, driven by
hydrophobic and electrostatic interactions.” On aggregation of collagen microfibrils, the inorganic
phase of bone, hydroxyapatite (Caio(PO.)s(OH)2) nanocrystals, is integrated to produce mineralized
collagen fibrils with diameters of approximately 100 nm.”® At the mesoscale, collagen fibrils

further assemble to form lamellae (ca. 5 pm) and osteons (ca. 100 pm), which are the basic building
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blocks of bone.2” Other collagen-rich tissues such as skin, cartilage, and tendons, consist of the
same nanoscale sub-units as bone, yet exhibit vastly different mechanical properties owed to
differences in their hierarchical self-assembly.® For example, skin is an elastic material whereas

cartilage is firm yet exhibits more flexibility than bone.
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Figure 1.1 Hierarchical structure of bone. Adapted and reproduced with permission from

reference 8.

Remarkably, biological materials and systems are mainly assembled from the same limited
selection of building blocks — three monosaccharides, five nucleotides, 20 amino acids, and various
inorganic components.’® These, in turn, form di- and polysaccharides (such as cellulose and
glycogen), nucleic acids (including DNA and RNA), and over 1000 different proteins.?® The self-
assembly of these systems occurs at ambient temperature and the formation of each level of
structural hierarchy is driven by various non-covalent interactions.® Although weak in comparison
to thermal energies, non-covalent interactions form stable hierarchical assemblies when sufficient
in number.® These non-covalent interactions include van der Waals, Coulombic, hydrophobic, and
electrostatic interactions, as well as hydrogen and coordination bonds.>® The relative strengths of
non-covalent interactions generally involved in self-assembly are summarised in Table 1.1.1* It

should be noted that, although covalent bonds can exhibit comparable bond strengths to those of
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metal-ligand interactions, the former are usually irreversibly formed whereas the latter are

generally more dynamic and reversible.®

Table 1.1 Strength of the main interactions involved in self-assembly.**

Interaction Strength (kJ/mol)
Van der Waals <5
T—T interaction 0-50
Hydrogen bond 4-120
Metal-Ligand 0-400

In chemistry, achieving the same exceptional level of structural control to access complex
functional materials akin to those in nature is a key challenge. Although chemical synthesis allows
for molecules to be made; organized matter cannot be synthesized bond-by-bond.® Self-assembly
offers a valuable alternative bottom-up route to form hierarchical assemblies through non-covalent
interactions.® In molecular and macromolecular sciences, self-assembly provides access to ordered
materials such as crystalline and supramolecular systems, respectively.'? On the nanoscale, fields
such as photonics, electronics, optics, and theranostics are reliant on self-assembly processes to
achieve advances in structural organization and function of materials.®® Increasing our
understanding of self-assembly, and how it is employed in nature to control a limited number of

sub-units to access a diverse range of functional materials, is therefore of paramount importance.

1.2 Self-Assembly of Small Molecules

The self-assembly of small molecular amphiphiles, such as surfactants or lipids, is largely well-
understood. Generally, amphiphilic molecules consist of at least two moieties with chemically
differing characteristics. For example, polar and non-polar groups or hydrophilic and hydrophobic

components. Molecules which exhibit amphiphilicity readily self-assemble into structures of
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varying complexity. The strong tendency of the hydrophobic moiety to avoid contact with water
typically drives the aggregation of surfactants to form micelles, in a process termed “micellization”.
The aqueous solution self-assembly of small molecules is entropy-driven since micellization
minimizes the disruption of hydrogen bonding between water molecules caused by hydrophobic
chains. Micellization also minimizes enthalpically unfavourable hydrophobe—water interactions
while exposing the hydrophilic head groups to water, leading to a further reduction in the total free
energy of the system. Conversely, in organic solvents, micellization is enthalpically-driven. This
results from the non-polar hydrophobic tail groups preferentially interacting with each other to
minimize undesirable hydrophobe—solvent interactions, as well as the polar head group being well-

solvated.11:13-15

Micelle formation occurs above a certain equilibrium concentration termed the critical micelle
concentration (CMC). Above their CMC, molecular amphiphiles assemble into a variety of
structures including spherical micelles, bilayer vesicles, and lamellar phases (Figure 1.2). The
morphology obtained depends on the curvature of the hydrophilic-hydrophobic interface, which in
turn is affected by the relative volume fractions of the hydrophilic and hydrophobic components.
In general, the packing preferences of small molecules can be described by the packing parameter,
P, (Equation 1.1) in terms of the volume of the hydrophobic chain, v; the contact area of the
hydrophilic headgroup at the aggregate interface, ao; and the length of the hydrophobic tail normal
to the interface, lc. The packing parameter, P, predicts the equilibrium morphology (Figure 1.2b, ¢)
which is typically accessible with small molecular amphiphiles due to their Kinetic lability. The

packing parameter is defined as:

aol. Equation 1.1

As the value of the packing parameter increases (P < 1), the hydrophilic—hydrophobic interfacial

curvature decreases, resulting in a change of micelle morphology from spherical, to cylindrical,
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and finally to lamellar structures. When the packing parameter is increased further (P > 1), reverse

micelles form whereby the curvature of the micelle is negative.!

(a) Hydrophilic (b)

head group

Hydrophobic tail

P<1/3 113<P<1/2 12<P<1 P=1 P>1
Spherical Cylindrical Bilayer Lamellar Inverted/reverse
micelles micelles vesicles phases micelles

Figure 1.2 Cartoon representation of (a) the structure of a surfactant molecule; (b) the factors
which affect the packing parameter, P, where v = the volume of the hydrophobic chain, a = the
contact area of the hydrophilic headgroup at the aggregate interface, and I = the length of the
hydrophobic tail normal to the interface; (c) the micelle morphologies of small molecular

amphiphiles demonstrated with respect to the packing parameter, P.
1.3 Self-Assembly of Block Copolymers

Block copolymers (BCPs) are synthetic amphiphilic macromolecules composed of two or more
chemically different polymer segments which are connected by a covalent (or sometimes non-
covalent) bond. BCPs of controlled molecular weight and narrow molecular weight distribution
can be prepared by a variety of methods including living anionic polymerization;® controlled
radical polymerization;*” as well as orthogonal post-polymerization functionalization reactions,

such as those exploiting Click chemistry.!® The ability to access well-defined BCPs makes them
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attractive for self-assembly.’® A variety of interesting and useful nanoscale structures can be
obtained through microphase separation in the solid state or through selective block solvation in

solution.®

1.3.1 Bulk Self-Assembly of Block Copolymers

The self-assembly of BCPs in bulk is driven by an unfavourable mixing enthalpy, resulting from
block incompatibility, coupled with a very small mixing entropy. This leads to microphase
separation on the nanoscale since the covalent link between the segments prevents macrophase
separation. Spontaneous aggregation of the chemically distinct blocks towards an equilibrium
condition yields nanostructures based on non-covalent interactions between the segments. This
leads to the formation of morphologies such as lamellae (L), hexagonally packed cylinders (H),

body-centred spheres (Q?%°), and double-gyroid phase (Q%*), as shown in Figure 1.3.
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Figure 1.3 (a) Theoretical phase diagram for a linear BCP showing the degree of segregation
(xN) against the volume fraction of a block (f). Morphologies: lamellae (L), hexagonally packed
cylinders (H), body-centred spheres (Q%%°), double-gyroid phase (Q*°), close-packed spheres
(CPS), or disordered (DIS). (b) Schematic depicting the morphologies accessed through BCP
self-assembly in bulk depending on BCP structure. Adapted and reproduced with permission

from reference 19.
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The three key parameters that contribute to the bulk self-assembly of a BCP with A and B blocks
are: the volume fractions of the blocks (f, where fa + fg = 1); the total degree of polymerization (N
= Na + Ng); and the Flory-Huggins parameter, yas. The degree of incompatibility between the
blocks, which drives self-assembly, is described by yas and varies inversely with temperature. The
degree of microphase separation is determined by the segregation product, yN. With increasing
temperature or a decreasing yN, entropy increases while block incompatibility decreases, leading

to an order-to-disorder transition (Figure 1.3a).1>1%20

1.3.2 Solution Self-Assembly of Block Copolymers with an Amorphous

Core-Forming Block

On addition of a block-selective solvent, BCPs self-assemble in solution to form core-corona
nanoparticles (referred to as micelles). The solution self-assembly of amphiphilic BCPs has been
recognised as a valuable bottom-up approach to yield a vast range of micelle morphologies such as
spheres, worms, lamellae, and vesicles (or polymersomes).'®> However, the solution self-assembly

of BCPs is much more complex than that in bulk, or that of small molecule self-assembly.

In the case of BCPs with an amorphous core-forming block, the micelle morphology is dictated by
three contributions to the free energy: the degree of stretching of the core-forming blocks, the core—
solvent interfacial tension, and the repulsive interactions between coronal chains. The packing
parameter (Equation 1.1), which is useful for predicting the self-assembly of small molecules, can
also be used to identify the likely thermodynamically preferred micelle morphology (Figure 1.4).
However, although the packing parameter (Equation 1.1) is a useful tool to predict small molecule
self-assembly, it provides a purely thermodynamic prediction of morphology which limits its use
for BCP self-assembly. Moreover, BCPs are not well-represented by the packing parameter model
since the ao term does not adequately describe the solvent-swollen corona (Figure 1.4b).° In
practise, the BCP morphology is affected by a myriad of factors including BCP concentration, the

solvent system employed, the volume fraction of the solvent-swollen corona, the processing
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methods, and the presence of additives such as ions or homopolymer.'®222 The final BCP
morphology is therefore often difficult to predict, owing to the complex balance of interactions

between the polymer blocks and the solvent.
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Figure 1.4 Cartoon representation of (a) the structure of an amphiphilic BCP with an amorphous
core-forming block; (b) the factors which affect the packing parameter, P, where v = the volume
of the solvophobic chain, ao = the contact area of the solvophilic—solvophobic interface, and I =
the length of the solvophobic tail normal to the interface; (c) the micelle morphologies of
amphiphilic BCPs with an amorphous core-forming block demonstrated with respect to the

packing parameter, P.

BCP micelles generally possess additional thermodynamic stability in comparison with small
molecule aggregates; a consequence of the core-forming block possessing hundreds of solvophobic
repeat units in each chain. The CMC, which characterizes the equilibrium between unimer and

micelles, is therefore significantly lower for BCPs than for molecular surfactants.?* Another key
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difference between small molecule and BCP self-assembly is that the energy penalty to remove a
polymer chain from the core of a micelle into its unimeric state in solution is significantly higher
than that of a small molecule, leading to additional kinetic stability of BCP micelles. This is another
consequence of the polymeric nature of the core-forming segment. This often leads to the formation
of kinetically-trapped nanostructures, resulting in a myriad of possible morphologies. Small
molecule assemblies, on the other hand, are highly dynamic, exhibit rapid exchange, and therefore
typically lead to the formation of equilibrium structures which correspond to a limited number of

potential morphologies.152123:24

Non-spherical nanostructures, such as one- or two-dimensional (1D or 2D) cylinders or platelets,
are often challenging to access via the self-assembly of BCPs with an amorphous core-forming
block, since these morphologies with low interfacial curvature typically exist in restricted regions
of the phase space. Although there are many examples where anisotropic nanoparticles have been
successfully accessed, the samples are often morphologically impure. Furthermore, there is no

control over the size of the resulting 1D or 2D micelles, and they are polydisperse.’®

1.4 Crystallization-Driven Self-Assembly

Studies of the formation, growth, and structure of polymer single crystals in solution first began in
the 1960s.2>%" Seminal work on BCPs with a crystallizable core-forming block was performed in
1966 by Keller et al., who demonstrated that poly(ethylene oxide)-block-polystyrene (PEO-b-PS)
BCPs form square platelets with a crystalline PEO core consisting of the same unit cell as that of
PEO homopolymer. It was determined that the platelet crystalline core was surrounded by an
amorphous layer of chain-folded PEO, as well as pendant amorphous PS coronal chains.
Additionally, it was demonstrated that a colloidally stable form of polymer crystal in solution, such
as a BCP in which one block has crystallized and the other remains solubilized, could act as a seed

for further growth of the polymer crystal.?® This early work forms the basis of a process termed
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crystallization-driven self-assembly (CDSA), developed from 2000 onwards,?® which is now well-

developed and generally well-understood.

1.4.1 Influence of Core Crystallization on Self-Assembly

When BCPs containing a crystallizable core-forming block are self-assembled in a non-solvent for
the core-forming segment, crystallization is induced, typically leading to the formation of micelles
with a crystalline core via CDSA.?° The additional enthalpic contribution of crystallization to the
free energy of micellization significantly changes the self-assembly behaviour compared with that
of BCPs with an amorphous core-forming block. Core crystallization generally results in the
formation of non-spherical nanostructures with zero or low curvature of the core—corona interface
being favoured. The equilibrium micelle structure obtained decreases the core—non-solvent
interfacial energy, reduce the number of chain folds of the crystalline core-forming segment, and
minimize the entropy penalty of coronal chain stretching.®=2 Moreover, the packing parameter
(Equation 1.1) is inadequate for predicting the morphology of micelles with a crystalline core since
it does not account for a solvent-swollen corona. Instead, factors which thermodynamically impact
core crystallization play an important role with respect to the morphology obtained. These include
the corona-to-core block ratio,**** BCP molar mass,* temperature at which CDSA is
performed,®* CDSA cooling rate,®” amount of common solvent present,®* and solution
concentration.® In most cases, the corona-to-core block ratio can be used to predict the morphology
formed via CDSA. However, conditions which aid plasticization of the crystalline core, such as
increased temperature or a larger fraction of common solvent present, decrease the overall rate of
core elongation since unimer solubility is favoured.®® In theory, these conditions which increase
unimer solubility lead to a more thermodynamically favoured morphology being formed, since this

results in the core-forming block being allowed to crystallize to a greater extent.
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1.4.2 Crystallization-Driven Self-Assembly of PFS-Containing Block

Copolymers

The first examples of polyferrocenylsilanes (PFSs), a sub-group of metallopolymer with skeletal
iron and silicon atoms, were synthesized, studied, and characterized in the early 1990s.%-% The
living anionic ring-opening polymerization (ROP) of silicon-bridged [1]ferrocenophanes was
reported shortly thereafter, allowing access to PFSs with molecular weight and end-group control.
Sequential living anionic polymerization was also demonstrated to allow access to novel PFS-
containing BCPs with targeted degree of polymerizations (DP,) and narrow molecular weight
dispersities.**#* This allowed for the self-assembly of PFS-containing BCPs to be investigated, as
well as examining the effect of changing the BCP chemical composition and respective block

lengths.

The solution self-assembly of PFS-containing BCPs was first investigated in the mid-to-late 1990s.
It was demonstrated that symmetrically substituted PFS-based materials such as
poly(ferrocenyldimethylsilane) (PFDMS; R = R’ = Me) are generally able to crystallize, whereas
those that are unsymmetrically substituted such as poly(ferrocenylethylmethylsilane) (PFEMS; R
= Et, R> = Me) tend to be amorphous.*® Interestingly, when incorporating a crystallizable PFS
segment as the core-forming block in a BCP, self-assembly in non-solvents for PFS was found to
access non-spherical morphologies with low interfacial curvature via CDSA.2:324546 Conversely,
amorphous PFS analogues were found to form spherical micelles.?#4"%8 Performing the self-
assembly of a crystallizable PFDMS-containing BCP above its melting temperature (Tr), followed
by rapid cooling, also yielded spherical micelles due to the absence of core crystallization.?® These
results demonstrated that crystallization of the PFS core-forming block drives the formation of
structures with low curvature of the core—corona interface. In this thesis, PFDMS will be the sole

focus of this sub-group of metallopolymer, since it is the most extensively studied of the

11
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crystallizable PFSs. PFDMS will therefore be referred to as “PFS” for conciseness and convenience

herein.

Micelles with a PFS core-forming block have been extensively studied in the literature and can
exist in various morphologies including cylinders, 23246 platelets,* toroids,*® and branched fibers.*
Although, as noted in the previous section, the factors affecting morphology are complex, the
corona-to-core block ratio can generally be used to predict the final micelle morphology. For
example, Plsx-b-PFSss (Pl = polyisoprene) has a corona-to-core block ratio of 6:1 and assembles
into cylinders in hexanes, a selective solvent for Pl (Figure 1.5b). The cylindrical morphology
arises due to competition between the free energy penalty of Pl coronal chain repulsions (which
results in an entropic penalty of coronal chain stretching) balanced with the PFS crystalline core
lattice energy.® CDSA of a similar BCP, Plz-b-PFS7, with a block ratio of 1:1, however,
assembles into tape-like platelets (Figure 1.5¢). At this lower block ratio, the energy penalty
associated with steric repulsions of the PI corona is not as large, and therefore yields nanostructures

with lower curvature of the core—corona interface.%?

PFS-based nanostructures can be easily visualized by transmission electron microscopy (TEM)
since the PFS core is sufficiently electron dense to provide good contrast with the carbon film
background. The crystalline core of PFS-based micelles has been thoroughly probed using a variety
of techniques including wide-angle X-ray scattering (WAXS),284850:51 small-angle X-ray scattering
(SAXS),%05 differential scanning calorimetry (DSC),%° TEM,% atomic force microscopy (AFM),>
and selected area electron diffraction (SAED).5* The PFS chains pack perpendicular to the long

axis of the micelle and exhibit a lattice with 2D pseudo-hexagonal symmetry.>

12
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P|320_b-pF85f’: (6:1 ) PI70'b'PFS7O (1 1 )

Figure 1.5 (a) General structure of PI-b-PFS with block DP, values of x and y, respectively.
TEM images (top) and cartoon representations (bottom) of (a) cylindrical and (b) platelet
micelles prepared by CDSA of PI-b-PFS. BCP structure and block ratio are also noted below.

Adapted and reproduced with permission from reference 32. Scale bars: (b) 250 nm, (c) 500 nm.

1.4.3 Crystallization-Driven Self-Assembly of non-PFS-Containing Block

Copolymers

A diverse range of BCPs containing other crystallizable core-forming blocks have been shown to
undergo CDSA. These include polyethylene (PE),%-%8 poly(ferrocenyldimethylgermane) (PFG),*
poly(3-hexylthiophene) (P3HT),%  poly(p-phenylenevinylene),%?  poly(di-n-hexylfluorene)
(PDHF),%3%  poly(e-caprolactone)  (PCL),%*%  poly(L-lactide) (PLLA),"*’* PCL/PLLA
copolymers,’ polycarbonates,”® polyacrylonitrile,”* poly(isopropyloxazoline),” polypeptoids,’”~
8 as well as BCPs containing a liquid crystalline core-forming block, such as poly(perfluoroalkyl

methacrylate),%2-8 and those based on azobenzene,® stilbene,®8" or cholesterol.

13
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Although morphologically pure 1D fibers or 2D platelets can ultimately be accessed through
CDSA, each particular BCP system can behave differently. For example, the CDSA of PLLA-
containing BCPs is reported by the groups of Dove and O’Reilly to yield 1D cylinders or 2D
platelets depending on the corona-to-core block ratio. However, the CDSA of PLLA-based BCPs
with a high block ratio accesses 2D platelets (Scheme 1.1a) and those with low block ratios form
1D cylinders (Scheme 1.1c). Interestingly, this dependency of the morphology on the block ratio
is the inverse relationship to that exhibited by PFS-based BCPs. Dove, O’Reilly, et al. indicate this
to be an effect of the corona-forming segment solubility, whereby the increased solubility of a
relatively longer PLLA block allows for the core to crystallize to a greater extent to form defect-
free plates. Furthermore, when employing a blend of cylinder- and platelet-forming BCP, complex
nanostructures can be obtained whereby assembly to produce platelets occurs initially, which in

turn act as seeds for the epitaxial growth of cylinder-forming BCP (Scheme 1.1b).%
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Scheme 1.1 CDSA of PLLA-containing BCPs with block ratios (a) 20:1 (platelet-forming), (b)
a mixture of 20:1 and 3:1, and (c) 3:1 (cylinder-forming). An arbitrary scale represents the CDSA
process cooling from 90 °C to 20 °C where Taggs:1 = temperature at which aggregation of the
cylinder-forming BCP occurs and T, = PLLA crystallization temperature. Reproduced with

permission from reference 33.
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1.5 Living Crystallization-Driven Self-Assembly

Thus far, we have discussed CDSA in which nucleation of the crystalline core-forming block occurs
randomly and spontaneously. Although CDSA crucially allows for morphological control to target
non-spherical structures, the micelles obtained are typically polydisperse in size and lack size-
control. This is a result of the rate of self-nucleation being significantly slower than that of
elongation of the crystalline core via epitaxial growth. However, dimensional control of BCP-based
nanostructures can be achieved by circumventing random self-nucleation events through a process
termed “living” CDSA, which consists of adding molecularly dissolved BCP, termed unimer, to
pre-existing seed micelles. Living CDSA therefore allows for the formation of nanostructures of
controlled size with low size-dispersity (Figure 1.6). With respect to 1D micelles, size-dispersity
is described by Lw/Ln, where Ly and L, correspond to the weight- and number-average micelle
lengths, respectively. Living CDSA allows access to micelles with low length-dispersities of

typically Lw/L, < 1.10, where a Lw/Ln value of 1.00 represents a perfectly monodisperse sample.
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Figure 1.6 TEM images of monodisperse 1D micelles prepared by living CDSA at various

Munimer/Mseea Values of (a) 5, (b) 10, (c) 20, and (d) 40. (e) Histograms of the micelle length
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distributions of samples (a)—(d). Inset of (e) shows the linear dependence of micelle length on

Munimer/Mseed. REProduced with permission from reference 89. Scale bars: 500 nm.

Polydisperse micelles prepared by CDSA can be fragmented by sonication to access the low aspect
ratio seed micelles used in living CDSA. Crucially, the exposed crystalline core termini of the seeds
remain active to epitaxial growth. Therefore, the seeds act as nucleation sites and elongate on
addition of unimer. Since the rate of elongation is significantly faster than that of self-nucleation,
additional nucleation events are negligible, and near-monodisperse micelles can be obtained
(Scheme 1.2). Under these conditions, the final micelle length can be predicted since it is linearly
dependent on the mass ratio of unimer with respect to the seeds (unimer-to-seed ratio, Mynimer/Mseed)
(Figure 1.6). Here lies the analogy with living covalent polymerizations, in which the polymer DP,

is linearly dependent on the monomer-to-initiator ratio.
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two routes to preparing 1D micelles of controlled size by living CDSA. Reproduced with

permission from reference 90.

Self-seeding (Scheme 1.2, top) represents an alternative route to prepare micelles of controlled
dimensions and was first developed in the mid 1960s.°% In this case, unimer is not externally

added to the system, but instead is freed from the micelles themselves via partial dissolution. Lower
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crystallinity regions of the core effectively exhibit lower melting temperatures, leading to
dissolution during thermal annealing. On subsequent cooling, the higher crystallinity regions which
avoided dissolution then act as seeds for the epitaxial growth of the released unimer (Scheme 1.2).%°
The resulting unimer-to-seed ratio generally depends on the self-seeding temperature. However,
since the thermal history of the sample can affect the degree of crystallinity and therefore the
melting temperature, the fiber lengths of the resulting micelles are less predictable than those
formed via living CDSA. Living CDSA (Scheme 1.2, bottom) therefore represents a more
reproducible and scalable route to low dispersity nanostructures, since seed generation is performed
independently, heating at elevated temperatures is not required, and the micelle dimensions are not

impacted by concentration or thermal history.%3%

151 Living Crystallization-Driven Self-Assembly of PFS-Containing

Block Copolymers

Extensive studies of living CDSA by the groups of Manners and Winnik have focused on accessing
1D cylindrical micelles from BCPs containing a PFS core-forming segment. For example, on
probing the living CDSA of Plsx-b-PFSs; it was determined that addition of unimer to pre-existing
seeds resulted in growth whilst preserving the internal PFS core structure.® The controlled-length
structures were found to exhibit long-term stability under dilute conditions, with no evidence for
unimer dissociation, new micelle formation, or micelle fusion events. Interestingly, addition of a
BCP with a different corona-forming  block, PFSs-b-PMVSz (PMVS =
poly(methylvinylsiloxane)), to the Plsx-b-PFSs3 seed micelles resulted in the formation of block
comicelles with segmented PI/PMVS coronal chemistries.*® More recent studies have demonstrated
the precise control possible by using living CDSA of fluorescent dye-functionalized PDM Sgso-b-
PFSeo (PDMS = poly(dimethylsiloxane)) to access colour-tunable “barcode” multiblock comicelles
(Figure 1.7a).%°" Other fascinating and precisely controlled structures can be formed by the

hierarchical assembly of 1D PFS-based nanostructures which are specifically designed to exhibit
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amphiphilicity. For example, incorporating hydrophobic (PFSae-b-PDMSs04) and polar (PFSas-b-
P2V/P.14, P2VP = poly(2-vinylpyridine)) segments into triblock comicelles results in assembly on
multiple levels of structural hierarchy.®® Supermicelles and hierarchical structures can also be
achieved through spatially-confined hydrogen bonding, by controlling the location of hydrogen

bond donor and acceptor segments along a 1D micelle.%1%
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Figure 1.7 1D and 2D PFS-based micelles prepared by living CDSA. (a) Laser scanning
confocal microscopy image and cartoon representation of fluorescent 1D multiblock comicelles
prepared by seeded growth of different dye-functionalized PDMSgso-b-PFSgo unimers from
PDMSge0-b-PFSeo seeds. Adapted from reference 97. (b) TEM image and cartoon representation
of 2D lenticular platelet micelles prepared by seeded growth of PFS113-b-PDMSsso unimer from
1D PFSzs-b-PDMSseo seed micelles. Adapted from reference 101. (c) TEM image and cartoon
representation of 2D rectangular, patchy platelet micelles prepared by seeded growth of a PFSze-
b-P2VPs0/PFSz unimer blend from 1D PFSys-b-PDMSss0 seed micelles. Adapted from

reference 102. (d) TEM image and cartoon representation of a 2D rectangular platelet micelles
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prepared by seeded growth of PFSx[PPh.Me]l unimer from 1D PFSzs-b-P2VP2so seed micelles.

Adapted from reference 54. Scale bars: (a) 5 um (inset: 1 um), (b) 500 nm, (c, d) 2 um.

Living CDSA can also be used to access 2D platelet micelles of various shapes. The first examples
of living CDSA in 2D yielded uniform lenticular platelets by adding PFS-containing BCPs with
low corona-to-core block ratios (< 5:1) to 1D cylindrical seed micelles (Figure 1.7b).10%10% This
morphology was attributed to “poisoning” effects by the corona of the unimer® as well as a
difference in the crystal facet growth rates of the PFS core.'® Alternatively, adding a blend of PFSx
homopolymer and cylinder-forming PFSss-b-P2VPse; BCP to 1D seeds was found to prepare 2D
rectangular platelet micelles with a patchy structure (Figure 1.7¢).2°21% This is thought to be a
consequence of the relative solubilities of the blend components, as well as the presence of coronal
steric bulk on the seed affecting relative rates and locations of their crystallization.°21% Similarly,
uniform 2D rectangular platelets can be formed by the living CDSA of charge-terminated PFS
homopolymer seeded from 1D cylindrical seeds (Figure 1.7d).541% In this case, there are no
coronal chains but instead a charged solubilizing phosphonium or ammonium end-group.®*1% The
aforementioned examples all employ 1D seeds to access 2D nanostructures. However, 2D seed
micelles can be prepared from PFS homopolymers with charged termini, PFSz[PPh,Me]l, and can
be used to access either 2D quasi-hexagonal or rectangular structures, depending on seed micelle
preparation.>* In all the cases discussed here, the platelet area, A, is linearly dependent on the
unimer-to-seed ratio (Munimer/Mseed). The formation of segmented 2D rectangular platelets which
exhibit differing coronal and/or core chemistries have also been demonstrated using PFS-based

pOlymel’S 54,102,104

1.5.2 Living Crystallization-Driven Self-Assembly of non-PFS-Containing

Block Copolymers

Although a large portion of the literature focuses on PFS-containing BCPs, living CDSA has now

been well-established for a diverse range of crystallizable core-forming blocks.%® Schmalz et al.
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have demonstrated the living CDSA of PE-containing BCPs to access micelles of up to 500 nm in
length which exhibit very low length-dispersity (Lw/L, = 1.10). Triblock comicelles with a patchy
segmented PS/PMMA (PMMA = poly(methyl methacrylate)) corona could also be accessed if a

PS-b-PE-b-PMMA triBCP is employed as the unimer.1%’

The groups of Dove and O’Reilly have demonstrated the living CDSA of PCL-based BCPs, which
have potential biomedical applications due to their biocompatibility. First, the living CDSA of
PCLso-b-PMMA0-b-PDMA2 (PDMA = poly(N,N-dimethylacrylamide)) was used to access fiber-
like micelles of lengths up to 800 nm (Lw/Ln = 1.09). Interestingly, addition of PCLse-b-
PDMAEMA:7 (PDMAEMA = poly(2-(dimethylamino)ethyl methacrylate)) unimer to 1D PCLso-
b-PDMA.g seed micelles resulted in the formation of 2D platelets,®® a phenomenon that is
attributed to increased unimer solubility.3*%® Leveraging this knowledge, further reports
demonstrated that length-controlled fiber-like PDMAGsp-b-PCLgo-b-PDMA3se; micelles up to
1200 nm in length could be accessed through a self-seeding technique (Section 1.5).1% The
solubility of the BCP utilized was found to affect the size and morphology obtained. Dove,
O’Reilly, et al. were able to tune the BCP solubility by altering the corona-to-core block ratio,

solvent quality, and temperature at which living CDSA was performed.1%

Uniform platelets based on a crystalline core of PLLA, another biocompatible polymer, were first
reported by Dove, O’Reilly, et al.. Size control was achieved by altering the solubility of the
PLLAss-b-PDMAEMA: 16 unimer through adjusting the solvent system. It was demonstrated that
increasing the fraction of tetrahydrofuran (THF, common solvent) relative to ethanol (selective
solvent) led to the formation of larger diamond platelets.® The living CDSA of PLLA-containing
BCPs was reported in collaborative work by the groups of Dove, O’Reilly, and Manners, allowing
for the preparation of 1000 nm fiber-like micelles with very low dispersity (Lw/Ln = 1.04). The
presence of trifluoroethanol was found to be essential to disrupt hydrogen bond formation between

unimer and therefore favour epitaxial crystallization over self-nucleation.!®® Living CDSA has
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since been extended to and optimized using a biocompatible crystallizable polycarbonate segment,
poly(fluorenetrimethylenecarbonate) (PFTMC). When using poly(ethylene glycol) (PEG) as the
coronal segment, low dispersity PEGago-b-PFTMCx fibers of lengths up to 1600 nm (Lw/Ln = 1.05)

could be formed.”

Living CDSA techniques have also been explored using BCPs which contain a crystallizable n-
conjugated core-forming block. Self-seeding has been used to access low dispersity fiber-like
micelles containing a P3HT core with lengths up to 950 nm (Lw/Ls = 1.10).11112 Recently, these
results were vastly improved on when a charge-terminated P3HT homopolymer was used rather
than a BCP with a corona-forming segment. In this case, an unprecedented level of control was
achieved up to 2.8 um in length (Lw/Ln = 1.08).1* The living CDSA of PDHF-containing BCPs has
also been reported to access controlled fiber-like micelles of 1800 nm in length (Lw/Ln = 1.07) with

a m-conjugated crystalline core, 416

1.6 Polymerization-Induced Self-Assembly

Although living CDSA represents a promising route to preparing 1D and 2D nanoparticles of
targeted size and shape, this process is generally performed under high dilution (0.002-0.01 weight
percent (wt%)). Over the last decade, substantial progress has been made in the upscaling of BCP
micelle formation. The methods discussed so far involve using a BCP which is synthesized and
purified prior to self-assembly and typically result in small amounts of polymeric nanoparticles.
An alternative route termed polymerization-induced self-assembly (PISA) combines the BCP
synthesis and self-assembly by performing the steps in situ, allowing access to micelles at scalable

concentrations (10-50 wt%).70117-120
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1.6.1 Polymerization-Induced Self-Assembly of Block Copolymers with

an Amorphous Core-Forming Block

The first step of PISA involves preparing a solvophilic macroinitiator that will act as the corona in
the resulting micelles. On addition of a second monomer that will form a solvophobic block,
macroinitiation occurs and the second polymer block begins to form. As the length or DP, of the
solvophobic block increases, it becomes progressively more insoluble in the solvent system. On
reaching a certain critical DPy, self-assembly is induced to form BCP micelles (Scheme 1.3). The
morphology obtained can generally be controlled by varying the final corona-to-core block ratio.
The literature focuses on the use of controlled radical polymerization techniques such as reversible
addition-fragmentation chain-transfer (RAFT) polymerization’®17-119121-124 - and  nitroxide-
mediated polymerization (NMP),120125126 [yt in theory PISA can be conducted using any living
polymerization method.'?” Controlled radical polymerizations and other living polymerization

techniques allow for the preparation of BCPs with controlled molecular weight and low

% Spheres

dispersity.127:128
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Scheme 1.3 Schematic representation of RAFT-mediated PISA to prepare BCP micelles at

scalable concentrations. Reproduced with permission from reference 117.
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Throughout the PISA process, the core block DP, increases leading to changes in the corona-to-
core block ratio and therefore the micelle morphology throughout (Figures 1.8 and 1.9).124128
Typically, spherical micelles are formed first, which in turn evolve into worm-like micelles, then
into vesicles (Scheme 1.3 and Figures 1.8 and 1.9).124130 Often, mixed micelle morphologies are
observed. These morphologies and morphological transitions have been evidenced by various
techniques such as TEM (Figure 1.8),129181-1% SAXS (Figure 1.9),'** and fluorescence
spectroscopy.t® Since PISA typically involves preparing micelles with an amorphous core, the
micelle size and morphology will depend on various factors including the composition, molecular

weight, and concentration of the BCP,*2*3! as well as temperature!?3131.134135 gnd pH,121.136
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Figure 1.8 Representative TEM images and the corresponding morphology map of a series of
poly(glycerol monomethacrylate)-b-poly(2-hydroxylpropyl methacrylate) (PGMA-b-PHPMA)
BCPs prepared by RAFT-mediated PISA at concentrations of 10-25 wt%. S = spheres, W =

worms (cylinders), V = vesicles. Reproduced with permission from reference 129.
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Figure 1.9 (a) SAXS patterns recorded in situ during the RAFT-mediated PISA preparation of

PGMAs-b-PHMPAqo vesicles at 10 wt%. Labelled are the onset of micellar nucleation, as well

as the main morphologies (spheres, worms, vesicles). (b) Change in low g gradient (where q =

scattering vector) during PISA. The morphologies corresponding to each gradient are labelled.

Reproduced with permission from reference 124.

Compatible with both aqueous and non-aqueous solvent media,'!#%3” and with a wide range of

functional monomers,*’ PISA is truly a versatile process. Since PISA is most often mediated by

controlled radical polymerization methods,*2%2 the process can often be optimized to achieve 99%

monomer conversion within 2 hours with the final BCP exhibiting low molecular weight

dispersities (Mw/M, < 1.20).17124121.128 Although there are many advantages to PISA for the
preparation of BCP-based micelles at scalable concentrations, there are some key unresolved

challenges. Arguably the biggest drawback results from the micelles exhibiting an amorphous core,

since PISA often yields mixed micelle morphologies (as demonstrated in Figure 1.8) and lacks the

ability to target specific morphologies or nanoparticle sizes. Spherical micelles and vesicles often

dominate the phase space (Figure 1.8), meaning that morphologically pure 1D or 2D nanoparticles

are challenging to obtain by PISA.
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1.6.2 Polymerization-Induced Crystallization-Driven Self-Assembly

Polymerization-induced crystallization-driven self-assembly (PI-CDSA) is a process which
combines the excellent morphological control characteristic of CDSA with the scalability of PISA.
PI-CDSA is a one-pot method which allows for the preparation of morphologically pure but
polydisperse 1D cylindrical and 2D platelet micelles at scalable concentrations (10-25 wt%)
(Figure 1.10). Similar to that in PISA, the polymerization and self-assembly occur in situ. The
solvophilic corona-forming block is first prepared and acts as a macroinitiator for the
polymerization of the second monomer, which polymerizes to form the solvophobic core-forming
segment. On reaching the critical core DP,, where the core-forming block becomes sufficiently
solvophobic, self-assembly is induced. The key difference compared with PISA, however, is that
the use of a crystallizable core-forming block allows for morphologically pure 1D or 2D

nanostructures to be obtained. 3%

10:1 =

Figure 1.10 TEM images and cartoon representations of polydisperse PI-b-PFS micelles
prepared by PI-CDSA at 10 wt% in 10 vol% THF/hexanes at corona-to-core block ratios of (a)

1:1, to access 2D lenticular platelet micelles, or (b) 5:1 and (c) 10:1, to access 1D cylindrical
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micelles. Solutions were diluted to 1 mg/mL for TEM imaging. Scale bars: 1 um. Reproduced

with permission from reference 138.

Initial studies of PI-CDSA consisted of preparing PFS-based micelles by performing the living
anionic polymerization in a selective solvent system of 10 vol% (volume fraction) THF/hexanes to
induce self-assembly (Scheme 1.4c). PI-CDSA allows for PFS-based micelles to be prepared
within 3 h, which is significantly faster than the typical polymerization, purification, and
subsequent CDSA route (3 days) (Scheme 1.4a, b). Since the PI-CDSA process employs the living
anionic polymerization technique, the resulting BCP typically exhibits low dispersities (Mw/Mp <

1. 20) . 138,139

a b
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Scheme 1.4 Schematic representations of the preparation of polydisperse PI-b-PFS 1D
cylindrical micelles. (a) Preparation of PI-b-PFS BCP by sequential living anionic
polymerization followed by (b) multi-step post-polymerization solution processing of Pl-b-PFS
BCP using CDSA (typically 0.01 wt%). (c) One-pot preparation of PI-b-PFS cylindrical micelles
using PI-CDSA at 25 wt%. TBP = 4-tert-butylphenol, used as the quenching agent. Reproduced

with permission from reference 138.

There are now several other non-PFS-based examples of PI-CDSA in the literature. Anisotropic
nanoparticles comprising of single-chain ultra high-molecular-weight PE can be prepared by PI-

CDSA using an aqueous living catalytic polymerization technique. This method allows access to
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uniform nanoparticles due to the controlled catalytic polymerization which minimizes chain
transfer processes.’*® PI-CDSA via ring-opening metathesis polymerization (ROMP), termed
ROMPI-CDSA, has also been recently reported for the preparation of poly(ruthenocene)-
containing 2D lenticular platelets at 10 wt%.!*! The ring-opening polymerization-induced
crystallization-driven self-assembly (ROPI-CDSA) of L-lactide has also been demonstrated using
a PEG-based macroinitiator. In this case, 1D, 2D, and 3D (stacked lamellae) PLLA-based structures
were achieved at concentrations of 5-20 wt%.24? Interestingly, the groups of Chen and Yang have
reported a similar technique termed polymerization-induced hierarchical self-assembly (PIHSA)
which exploits the liquid crystal ordering of a stilbene-containing monomer through n—= stacking
at 5-20 wt%.88" Although the field of PI-CDSA has grown significantly in recent years to include
various different polymerization techniques and functional monomers, the key challenge of

obtaining scalable low dispersity nanoparticles of targeted size still remains.

1.6.3 Living Polymerization-Induced Crystallization-Driven  Self-

Assembly

To prepare BCP-based nanoparticles of controlled size and morphology, the seeded growth method
living PI-CDSA can be used. Essentially, living PI-CDSA consists of performing PI-CDSA in the
presence of pre-prepared seed micelles (Figure 1.11) at concentrations up to 10 wt%. This leads to
synchronous polymerization, self-assembly, and seeded growth. The preparation of low dispersity
micelles of lengths up to 2800 nm (Lw/L, = 1.01) is achieved through the living PI-CDSA of Plss-
b-PFS,0.1% This exceptional control over size and morphology has also been extended to prepare
block comicelles with segmented core and coronal chemistries. In this case, cylindrical micelles
comprising of a segmented PFS/PFG core and PI/PDMS corona, (Pl-b-PFG)-m-(PFS-b-PDMS)-
m-(P1-b-PFG) where m denotes a micelle block, can be prepared. This technique exploits

heteroepitaxial growth of a PFG-containing BCP from PFS-based seeds.’*® Although living PI-
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CDSA holds much promise towards upscaling the preparation of 1D BCP-based nanoparticles of

controlled size, currently the only examples of the seeded growth method utilize PFS-based BCPs.

a( N

Living PI-CDSA %K *\% *
. ek Top

THF n-Hexanes

Figure 1.11 Living PI-CDSA of PI-b-PFS at 10 wt% in 10 vol% THF/hexanes with a corona-

to-core block ratio of 5:1. (a) Schematic representation of the preparation of low dispersity PI-
b-PFS cylindrical micelles by living PI-CDSA. TBP = 4-tert-butylphenol, used as the quenching
agent. TEM images of (b) small seed micelles and low dispersity cylindrical micelles prepared
by using unimer-to-seed ratios (Munimer/Mseed) OF (C) 3:1, (d) 6:1, (€) 12:1. Scale bars: 1 um, (b)

inset: 200 nm. Reproduced with permission from reference 138.

1.7 Applications of Block Copolymer Micelles Prepared via

Crystallization-Driven Self-Assembly

Owing to the diverse range of coronal and crystalline core chemistries compatible with CDSA
protocols, 1D and 2D micelles prepared using these methods are of interest for a wide range of

applications,1423.94.117.143-152 and will be discussed herein.

1.7.1 Applications of 1D Micelles

Non-spherical nanoparticles are of great interest for biomedical applications.?®*-'% 1D micelles

have been found to exhibit many advantages over spherical nanoparticles including enhanced
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circulation times,#91%357 retention,'>>1%¢ cellular uptake and binding,'**?% and tumor
penetration, 53164165 a5 well as exhibiting low immune cell association.” Specifically, polymer-
based nanoparticles prepared by CDSA protocols show promise in the field of nanomedicine. For
example, low dispersity folate-functionalized PDHF-based 1D nanofibers prepared by living
CDSA have been shown to exhibit uptake into more than 97% of folate receptor positive HelLa
cells.t®* Recently, cellular uptake and penetration of PFS-based cylindrical micelles with lengths
of 80-2000 nm was also investigated, finding that nanofibers with lower aspect ratio resulted in

tumor penetration to a greater depth.%

Over the past decade, significant advances towards the use of m-conjugated BCP-based
nanoparticles for optoelectronic properties have been made.’*® Most significantly, organic
semiconducting PDHF-based nanofibers prepared by living CDSA exhibit long-range exciton
diffusion lengths of 200 nm. This unprecedented characteristic is much higher than that exhibited
for conjugated polymer films (5-10 nm),%%8167 and is attributed to the high degree of structural order
within the n-conjugated crystalline PDHF core.!** Use of controlled nanofibers prepared by living
CDSA for optoelectronic applications holds many advantageous characteristics, including
relatively simple design and preparation compared with that of current bulk heterojunction
materials. In another study, charge-carrier mobilities exhibited by uniform P3HT-based nanofibers
were found to increase in a super-linear manner with fiber length.}? Recently, efficient energy
transport in films of charge-terminated P3HT-based nanofibers prepared by living CDSA was

reported, demonstrating exciton diffusion lengths of 300 nm.168

Catalysis is another field which holds potential applications for 1D micelles prepared by CDSA
protocols. Greiner, Schmalz, et al. reported the use of patchy PE-based 1D micelles loaded with
gold nanoparticles and supported on PS fibers through coaxial electrospinning as efficient
heterogeneous catalysts (Scheme 1.5). In this work, 1D cylindrical micelles were prepared from a

PS-b-PE-b-PMMA triBCP by CDSA, resulting in a corona consisting of alternating PS and PMMA
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patches. The PS patches provided optimal adhesion to the PS microfiber during coaxial
electrospinning (Scheme 1.5a), whereas the PMMA patches allowed for post-polymerization

functionalization and loading of catalytic gold nanoparticles (Scheme 1.5b).57
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Scheme 1.5 (a) Cartoon representation of the preparation of catalytically active patchy PE-based
cylindrical micelles supported on PS fibers by coaxial electrospinning followed by (b) loading
with gold nanoparticles in a simple dipping process. Reproduced with permission from

reference 57.

1.7.2 Applications of 2D Micelles

The ability to fabricate 2D platelet micelles of controlled size and morphology by CDSA protocols
using various core chemistries has presented many opportunities for potential applications. The
groups of Dove and O’Reilly have demonstrated the use of PLLA-based 2D diamond-shaped
platelets as water-in-water emulsion additives, which exhibit a superior stabilizing effect over that
of spherical micelles. Larger platelets were found to form more stable emulsions than smaller
platelets and were easily size-tunable by altering the self-assembly solvent composition. 2D
platelets formed from biocompatible, biodegradable polymers such as PLLA have potential
utilization in the pharmaceutical, agrochemical, cosmetics, or food industries.’® Further work by

these groups also demonstrated that PLLA-containing 2D platelets could be used to adhere to
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calcium-alginate hydrogel faces, increasing hydrogel adhesion and mechanical strength compared

with spherical or cylindrical micelles.

1.8 Thesis Research Objectives

The introduction to this thesis has highlighted the progress made towards accessing controlled 1D
and 2D nanoparticles through BCP self-assembly. Living CDSA is a powerful tool to allow for low
dispersity size-tunable nanoparticles to be prepared. However, key challenges associated with the
scale-up of these processes remain. Therefore, the work presented in this thesis aims to upscale the
preparation and processing of size-tunable, low dispersity 1D and 2D micelles with a crystalline

core. These aims are addressed as four key objectives and are outlined below.
1. Investigate the upscaled preparation of 2D nanoparticles by living CDSA

Although the preparation of low dispersity size-tunable 2D nanoparticles is relatively well-
established using living CDSA, limitations arise regarding scale-up. In most cases, increasing the
concentration at which living CDSA is performed results in competitive self-nucleation,
compromising micelle size-dispersity, as well as increased platelet aggregation, which presents
challenges in post-processing. One of the aims of this thesis is to study how solution concentration

affects the 2D self-assembly process to gain insight on the scale-up of 2D platelet preparation.
2. Investigate PI-CDSA protocols using a biocompatible crystalline core-forming block

Living PI-CDSA has been demonstrated as a fundamental tool for 1D micelle scale-up by
performing the polymerization, self-assembly, and seeded growth in situ. However, this process is
currently limited to PFS-based BCPs. Various other crystalline core chemistries are compatible
with CDSA processes and exhibit interesting applications. For example, 1D polymer-based
nanoparticles are of interest for a range of biomedical applications yet are limited with respect to

scale-up. This thesis therefore aims to extend the scope of PI-CDSA protocols to use a
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polycarbonate-based crystalline core-forming block to access low dispersity size-tunable

nanofibers, which have potential applications in nanomedicine, at scalable concentrations.
3. Investigate the upscaled preparation of 1D micelles in continuous flow

An alternative approach to tackle scale-up of BCP micelle preparation involves continuous flow
chemistry. Continuous flow processes are high throughput techniques which involve the use of
channels in a continuous stream rather than in batch. Living CDSA is analogous to living anionic
polymerization in that the seed micelles act as initiators and the unimer acts as monomer. Since the
synthesis of polymers with narrow molecular weight distributions by living anionic polymerization
in continuous flow is well-established, a key objective of this thesis will be to extend this technique
to allow for the preparation of low dispersity 1D micelles by the analogous living CDSA in

continuous flow.
4. Investigate the processing of 1D micelles using electrospinning techniques

Electrospinning techniques are a cost-effective and high throughput method of processing and
preparing fibers for use in various applications, from electronic devices to bone tissue scaffolds.
This thesis therefore aims to investigate the viability of using electrospinning methods to process

1D micelles into microfibers.

1.9 Thesis Summary and Collaborator Acknowledgements

19.1 Thesis Summary

This thesis is comprised of a compilation of research projects focusing on the upscaled preparation
and processing of BCP micelles with a crystalline core. Four results chapters are presented, as well
as a final conclusions and outlook chapter which highlights the impact of this work and possible

future directions.
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Chapter 2 explores the upscaled preparation of 2D platelet micelles using living CDSA of a
charge-terminated PFS homopolymer with surfactant counteranions. The effects of various factors,
including temperature and concentration, on platelet dimensions, structure fidelity, and aggregation

behaviour have been investigated.

Chapter 3 describes living PI-CDSA to access scalable low dispersity 1D nanofibers containing a
biodegradable poly(fluorenetrimethylenecarbonate) crystalline core. This is the first example

which extends the scope of living PI-CDSA beyond PFS-based BCPs.

Chapter 4 investigates the scalable preparation of low dispersity 1D cylindrical micelles by living
CDSA in continuous flow. The preparation of polydisperse 1D micelles and 1D seed micelles in

continuous flow are also described.

Chapter 5 discusses the processing of 1D cylindrical micelles into microfibers through simple, low
cost, and high throughput electrospinning techniques. This chapter describes the preparation of
electrospun microfibers consisting solely of 1D micelles with a crystalline core, the first examples

where a template material is not required.

Chapter 6 describes an outline for how the work in this thesis could be continued.

1.9.2 Collaborator Acknowledgements

In accordance with the expectations of Professor lan Manners, each chapter of this thesis has been
written in a self-contained fashion such that it may be published in a peer-reviewed scientific
journal. The work in this thesis was often performed in collaboration with colleagues both within
the Manners research group at the University of Victoria, as well as academics and students at other

research institutions as outlined below.

Chapter 2 has been reproduced from Polymer Chemistry, 2021, 12 (25), 3650-3660. Dr Tomoya
Fukui (University of Victoria) synthesized PFS;4-b-P2VP3s4 and added scientific insight. SAED

experiments and analysis were conducted by Dr Christina Cordoba and Dr Arthur Blackburn
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(University of Victoria). Charlotte E. Ellis (University of Victoria) conducted the synthesis of all

other materials, and performed the self-assembly, characterization, and data analysis.

Chapter 3 contains yet unpublished results. J. Diego Garcia-Hernandez (University of Victoria)
synthesized the fluorenetrimethylenecarbonate monomer and added scientific insight. Charlotte E.
Ellis (University of Victoria) conducted the synthesis of all other materials, and performed the self-

assembly, characterization, and data analysis.

Chapter 4 contains yet unpublished results. PFS32-b-PFSas Was synthesized by Dr Yunxiang He
(University of Bristol). Self-assembly, characterization, and data analysis was conducted jointly by
Ayesha Nadeem and Charlotte E. Ellis (University of Victoria). Dr Steven T. G. Street (University

of Victoria) added scientific insight. Research was conducted at the University of Victoria.

Chapter 5 contains yet unpublished results. Synthesis and self-assembly of Plig,-b-PFSy7, ran-
Pl124/PtBS125-b-PFS37, and PtBSzs7-b-PFSss was performed by Dr Alex M. Oliver (University of
Bristol). Synthesis and self-assembly of PDHF17-b-P2V P25, was completed by Dr Huda Shaikh
(University of Victoria). Electrospinning experiments were conducted jointly by Dr Alex M. Oliver
(University of Bristol), Charlotte E. Ellis (University of Bristol, University of Victoria), and Dr
Christian Hils (University of Bayreuth) from the groups of Dr Holger Schmalz and Prof. Andreas
Greiner. Raman spectroscopy was conducted by Dr Holger Schmalz (University of Bayreuth).
Andreas Frank (University of Bayreuth) performed SEM analysis. Werner Reichstein (University
of Bayreuth) conducted fluorescence imaging. The research was led and organized by Charlotte E.
Ellis. Research was conducted at the University of Bristol, University of Bayreuth, and University

of Victoria.
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Chapter 2

Chapter 2 Towards Scalable, Low Dispersity,
and Dimensionally Tunable 2D Platelets Using

Living Crystallization-Driven Self-Assembly

This chapter has been reproduced from:

Charlotte E. Ellis, Tomoya Fukui, Cristina Cordoba, Arthur Blackburn, and lan Manners,

Polym. Chem. 2021, 12 (25), 3650-3660.

2.1 Abstract

Nanoscale two-dimensional (2D) rectangular platelets based on polymeric precursors are of interest
as a result of their potentially useful properties and applications. Low dispersity 2D platelets can
be prepared from crystallizable polymeric amphiphiles via the seeded growth method known as
living crystallization-driven self-assembly (CDSA) but only at very low solution concentrations of
ca. 0.002-0.01 wt%. This severely limits the ability to explore their properties in detail and to
investigate new applications. In this proof-of-concept work we report significant improvements in
the scalability of low dispersity 2D nanoparticles prepared via living CDSA of phosphonium-
capped poly(ferrocenyldimethylsilane) (PFS) homopolymers, PFSa3[PPh,Me]X, with surfactant
counteranions (X°) at concentrations up to 0.2 wt%, 20 times higher than previously reported. At
higher concentrations, platelets are still formed but at the cost of a loss in fidelity. The effects of
different counteranions, temperature and concentration on platelet dimensions, structure fidelity,
and aggregation behaviour were also explored. Moreover, increasing the temperature at which self-
assembly was performed was found to improve the platelet fidelity and yield lower aspect ratio

structures at high concentrations.
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2.2 Introduction

Nanoscale two-dimensional (2D) structures, such as metallic nanosheets and graphene, are of broad
interest due to their unique properties and wide range of potential applications.** Platelets formed
from homopolymer and block copolymer (BCP) self-assembly in solution are examples of 2D
nanostructures based on soft matter,*® and are of interest for a range of applications such as
emulsion stabilizers, liquid crystals, nanomotors, and composite reinforcement.®° Examples of 2D
platelets prepared from the self-assembly of all-amorphous BCPs in selective solvents are relatively
rare as spontaneous closure to form vesicles is generally favoured during the micelle growth
process.® The presence of a crystallizable core-forming block during BCP self-assembly, however,
generally favours the formation of morphologies with low curvature of the core-corona interface
via crystallization-driven self-assembly (CDSA).6*18 Planar structures are obtained since the
lattice energy of the resulting rigid crystalline core overcomes the entropically disfavoured
stretching of the corona.®!*'® CDSA involves a nucleation and growth process that allows access
to morphologically pure 1D or 2D micelles. Generally, at low corona-to-core block ratios (e.g. 1:1)
2D platelet micelles are formed,*2! whereas 1D cylinders are favoured for BCPs with relatively
long corona segments.?? However, CDSA does not permit size-control over the resulting
nanostructures or allow access to low dispersities, as the rate of self-nucleation is slower than that

of the subsequent growth step.

The formation of uniform 1D and 2D micelles with dimensional control can be achieved via the
seeded growth process termed “living” CDSA.%2* Ultrasonication of polydisperse micelles
prepared via CDSA results in fragmentation to yield low dispersity, small “seed” micelles.* % The
exposed crystalline core of the seed, either at the fiber termini or platelet edges, remains active to
epitaxial growth upon the addition of molecularly dissolved BCP or “unimer”.?*?* Low dispersity
micelles are obtained via living CDSA where the spontaneous nucleation step is circumvented by

the presence of seeds, which act as efficient initiators for the growth step.?*2* 1D fiber-like or 2D

53



Chapter 2

platelet micelles can be targeted depending on the corona-to-core block ratio of the added
unimer, 2227 or in the latter case, also by the use of a crystallizable charge-terminated
homopolymer?®-* or homopolymer/BCP blend.?*3? The length or area of the resulting 1D or 2D
micelles, respectively, is linearly dependent on the unimer-to-seed mass ratio, allowing for micelle
size to be predetermined and controlled.?*?* Living CDSA has now been achieved for a diverse
range of polymeric amphiphiles with crystallizable core-forming segments such as
poly(ferrocenyldimethylsilane) (PFS),622.2 poly(3-hexylthiophene),* poly(di-n-
hexylfluorene),®*  poly(e-caprolactone),’™>*  poly(L-lactide),”*"®  polyethylene,®  poly(p-

phenylenevinylene) and related materials,?3"-3 polycarbonate,?” and poly(isopropyloxazoline).

Although living CDSA represents a promising route to 2D nanoparticles of targeted size and shape,
this process has been performed only under high dilution conditions. The use of higher
concentrations is expected to lead to competitive self-nucleation, resulting in 2D platelets with
reduced size-control and higher area-dispersity. Aggregation in solution should also be favoured as
concentration increases, limiting the long-term colloidal stability. The formation of 2D platelets via
living CDSA of BCPs is therefore typically carried out at concentrations of up to only ca.
0.002 wt%.2428-3240-42 The living CDSA of charge-terminated homopolymers, however, allows
access to well-defined 2D platelets at concentrations of up to 0.01 wt%, a notable five-fold

increase.?8-%0

Over the last decade substantial progress has been made in the upscaling of BCP nanoparticle
formation by combining the BCP synthesis and self-assembly steps in a process termed
polymerization-induced self-assembly (PISA).**° The PISA approach has also been established
for BCPs with crystallizable core-forming blocks to yield polydisperse 1D or 2D nanoparticles.>®
%8 We have recently shown that uniform 1D micelles of controlled length can be prepared at scalable
concentrations of up to 25 wt% by a seeded growth process termed living polymerization-induced

CDSA (P1-CDSA), in which BCP synthesis and seeded growth occur in situ.>>5* However, due to
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the generally lower colloidal stability of platelet micelles, the use of living PI-CDSA to upscale

uniform 2D nanoparticle formation from BCPs has proved significantly more challenging.

With respect to scale-up, the use of crystallizable homopolymers with charged termini therefore
appears to provide advantages over using charge-neutral BCP systems either in 2D living CDSA
or PI-CDSA processes, including reliably targeting the 2D platelet morphology and improving
colloidal stability.?8-3° Herein, we describe our attempts to access low dispersity 2D platelets at
more scalable concentrations through the living CDSA of phosphonium-capped PFS

homopolymers with a variety of counteranions.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Phosphonium-Capped PFS

Homopolymers with Surfactant Counteranions

The chemical structures of PFSz4-b-P2VP3gs4 (P2VP = poly(2-vinylpyridine)), used to prepare 1D
seed micelles, and the phosphonium-capped PFS homopolymers utilized in this study are shown in
Figure 2.1. PFSx-b-P2VPss, was prepared by living anionic polymerization®®® and
PFSzs[PPh,Me]l was synthesized according to previously reported procedures.?® Briefly,
PFS,sPPh,  was  prepared via the living anionic  polymerization of 1,1-
dimethylsila[1]ferrocenophane in THF followed by quenching with chlorodiphenylphosphine.?®
PFS23[PPh,Me]l was then prepared by the subsequent quaternization of PFSzPPh, with excess
methyl iodide.?® Complete quaternization was established using *H NMR integration of the peaks
for the terminal phenyl groups (multiplet at 7.77-7.61 ppm) and the newly introduced terminal
methyl substituent (doublet at 3.04 ppm) (Figure S2.1a, b). The appearance of a new doublet in the
'H NMR spectrum at 3.04 ppm from P-CHj3 (J = 13.0 Hz) as well as a shift from -17.5 to +24.1 ppm
in the 3P NMR spectrum was observed after the quaternization reaction (Figures 2.1 and 2.2).

Exchange reactions were carried out on PFSx3[PPh,Me]l to prepare PFSy[PPh,Me]SDS and
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PFS23[PPh.Me]AOT by metathesis, utilizing an excess of sodium dodecyl sulfate (Na[SDS]) or
bis(2-ethylhexyl)sulfosuccinate sodium salt (NaJAOT]), respectively. Displaced iodide
counteranions after the exchange process were removed as the sodium salt by repeated washing
with methanol. Complete counteranion replacement was established through integration of proton
resonances corresponding to the relevant surfactant counteranion and the phenyl groups of the
homopolymer terminus (Figure S2.1c, d). A shift in the doublet corresponding to P-CHs of the
terminal phosphonium group from 3.04 to 2.97 and 2.96 ppm was also observed in the *H NMR

spectrum on formation of PFS3[PPh.Me]SDS and PFSz3[PPh.Me]AOT, respectively.
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Figure 2.1 Chemical structures of (a) PFS homopolymers and (b) PFS24-b-P2V/P354 BCP utilized

in this study.

The number-average molecular mass (M,) of the PFSy3[PPh,Me]X homopolymers was found to be
5,830 Da by matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry
(Figure S2.3), corresponding to a degree of polymerization (DP,) of 23 (target DP, = 20). The
molecular weight dispersities were low, Mw/M, = 1.07, as determined by gel permeation

chromatography (GPC). The determined DP, value of 23 by MALDI-TOF mass spectrometry was
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in good agreement with that found by *H NMR spectroscopy (DP, = 23), through a comparison of
the integration of the terminal methyl group with the cyclopentadienyl proton signals in the PFS
main chain. The molecular mass of PFSz[PPh,Me]X by *H NMR spectroscopy was therefore
calculated to be 5,827 Da, which further corroborates that obtained by MALDI-TOF mass

spectrometry.

'H DOSY NMR spectroscopic analysis of PFS,3[PPh,Me]SDS and PFS,3[PPh,Me]AOT in THF-
ds showed that the resonances arising from the cation-terminated PFS homopolymer and the
respective surfactant counteranion exhibit similar diffusion coefficients (Figure S2.4a, c). A shift
in diffusion coefficients corresponding to signals from the surfactant is also observed on comparing
the surfactant-bound polymer with the respective surfactant sodium salts (Figure S2.4b, d and
Table S2.1). These results indicate that the polymeric cation PFS2[PPh,Me]* and the surfactant
counteranion, [SDS] or [AOT], exist as an ion pair in THF,®* which was used as the common
solvent in the following studies. The presence of an ion pair is consistent with the aforementioned
sensitivity of the doublet 'H NMR resonance for the terminal methyl substituent of the

phosphonium group to the nature of the counteranion.

2.3.2 Scaled Preparation of 1D PFS-b-P2VP Cylindrical Seeds

The seeded growth of PFS homopolymers with charged termini from 1D seed micelles represents
a promising route to access uniform 2D platelets.?®*° Using transmission electron microscopy
(TEM), PFS-b-P2VP and PFS homopolymer can easily be distinguished by the observed contrast
due to the presence of the electron-rich P2VP corona, allowing easy identification of the

PFS2s[PPh.Me] X platelet area.®! Thus, PFS-b-P2VP 1D seed micelles were selected for the study.

Polydisperse cylindrical micelles were prepared via the CDSA of PFS2-b-P2VP3s4 in isopropanol
(iPrOH) at a concentration of 5 mg/mL (0.6 wt%), ca. 10-fold more concentrated than for typical

CDSA experiments. The solution was heated at 80 °C for 24 h, to ensure complete dissolution of
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the PFS,4-b-P2VPss, BCP at this high concentration before cooling slowly to room temperature.?
Characterization by TEM showed the formation of polydisperse cylindrical micelles (Figure 2.2a).
Sonication of the polydisperse PFS.s-b-P2VP3s4 micelles at 0 °C for 4 h yielded short but
polydisperse fragmented cylindrical micelles (L, = 22 nm, Lw/L, = 1.46, where Ly is the weight-
average length and L, is the number-average length) (Figure S2.5). The fragmented fibers were
then heated at 80 °C for 30 min, which yielded lower dispersity seed micelles of slightly greater
length (L, = 26 nm, Lw/L, = 1.19) (Figures 2.2b and S2.6). The small increase in length is believed
to be a result of a partial self-seeding process,% where the very short duration of the annealing
experiment prevents equilibrium being reached where all of the micelle regions of lower
crystallinity that are soluble at 80 °C actually dissolve. Therefore, micelles with only a small
increase in length, rather than much longer micelles, subsequently form on cooling. The absence
of any substantial increase in length after heat treatment may also be a result of the high

concentration of the seed solution (0.6 wt%) which would hinder fractional micelle dissolution.5264

Figure 2.2 TEM images of (a) polydisperse 1D micelles prepared by CDSA of PFS;4-b-P2VP3s4
in iPrOH at 5 mg/mL after solvent evaporation and (b) low dispersity 1D seed micelles prepared
by sonication and subsequent annealing of polydisperse PFS.4-b-P2VP3s4 micelles in iPrOH at
5 mg/mL (L, = 26 nm, Lu/L, = 1.19). Solution samples of 1 mg/mL were drop-cast and imaged

after solvent evaporation. Scale bars: (a) 2 um, (b) 500 nm.
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2.3.3 Growth of 2D Platelet Micelles via Living CDSA of Phosphonium-
Capped PFS Homopolymers with a Surfactant Counteranion at Low

Concentration (0.01 wt%o)

With the aim of improving the colloidal stability and thus scalability of 2D platelets based on
phosphonium-capped PFS homopolymers, we selected surfactant counteranions, [SDS]  and
[AOT] (Figure 2.1a), in addition to iodide for our study. It is well known that gold nanoparticles
are stabilized by the adsorption of surfactants, through imparting an effective charge on the
nanoparticle as well as by providing steric stabilization.®>8 To extend this concept to 2D polymer-
based nanoparticles, the seeded growth of PFSys[PPh,Me]l, PFSx[PPh.Me]SDS and
PFS23[PPh,Me]AOT from short cylindrical PFSz4-b-P2VPsgs seeds (L, = 26 nm, Lu/L, = 1.19) was
investigated. Unimer solutions (10 mg/mL) of the respective phosphonium-capped homopolymers
were prepared in THF, then injected into solutions of PFS;4-b-P2VP3s4 seed micelles in iPrOH with
vigorous mixing by use of a vortex mixer for 3 s (Figure 2.3a). Vigorous mixing was found to be
essential to access low dispersity structures and did not induce any structural defects (Figure S2.7).
Each of the self-assembly experiments led to a final solution concentration of 0.1 mg/mL
(0.01 wt%), ca. 5 times higher than typically reported for the 2D living CDSA of BCPs. The
solutions were aged for 24 h prior to characterization by TEM. By this method, low dispersity 2D
platelet micelles could be obtained in which the platelet area (A,) was found to be linearly
dependent on the unimer-to-seed mass ratio (Munimer/Mseed) (Figure 2.3b). The platelet contour areas
and corresponding TEM images and histograms are shown in Tables S2.2-S2.4 and Figures S2.8—
S2.13, respectively. All dispersities, in both the platelet areas (Aw/An) and aspect ratios (Rw/Rn),
were found to be below 1.03, demonstrating the size and dimensional control associated with this

protocol.
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Figure 2.3 (a) Schematic representation for the formation of uniform 2D platelet micelles by the

living CDSA of PFS23[PPhoMe]X (X =1, SDS or AOT) from cylindrical PFS24-b-P2V/Psg4 seeds.
(b) Linear dependence of PFSa3[PPh.Me]X platelet area (An) on unimer-to-seed mass ratio
(Munimer/Mseeq) at 0.01 wt% in iPrOH for X = | (purple), SDS (blue), AOT (red). Error bars
represent the standard deviation of measured areas. Representative TEM images of (c)
PFS23[PPh:Me]l, (e) PFS23[PPh,Me]SDS and (e) PFS23[PPh,Me]AOT platelet micelles formed
by seeded growth from PFSz4-b-P2VP3sg4 1D seed micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH

at 0.01 wt% and Mynimer/Msees = 10. Scale bars: 1 um.

Interestingly, at any given Muime/Mseed Value, the self-assembly behaviour under the low
concentration conditions studied (0.01 wt%) did not appear to be significantly affected by changing
the counteranion from iodide to the more bulky, hydrophobic surfactant anions [SDS] and
[AOT]". For example, there were no notable changes in platelet area (A), length (Ln), width (Wy)
and thus aspect ratio (Rn) on switching the counteranion (Figures 2.3c—e and S2.14). This suggests

that, as previously observed,?® the counteranion plays an insignificant role in the self-assembly
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process for phosphonium-terminated PFS homopolymers at a concentration of 0.01 wt% and thus

has a negligible effect on the final 2D structure.

As previously observed for 2D nanostructures formed from the living CDSA of PFS-containing
amphiphiles initiated using 1D seeds,?®?°3! the platelet R, value decreases on increasing the
Munimer/Mseed Value. In the present work, this was found to correspond to a more significant increase
in platelet width (ca. 32% increase) with respect to length (ca. 20% increase) for every 10
equivalents of unimer added, independent of the counteranion present (Figure S2.14). These
observations indicate that PFS crystal growth from the lateral edges of the nanostructure is
increasingly favoured over that from the terminal core-solvent interface as the Munimed/Mseed Value
increases. This is likely an effect arising from the distinct self-assembly preferences of the 1D seed
and added unimer. Due to the presence of coronal P2VP chains in the 1D seed, initial growth of the
phosphonium-capped PFS unimer would be expected to occur exclusively at the two seed termini.*
On the other hand, as the phosphonium cap does not lead to the same steric inhibition of lateral
growth as the P2VP corona present in the seed, CDSA of PFS3[PPh.Me]X is known to favour the
formation of 2D platelets.?® Thus, an increase in competitive growth in the lateral versus the
terminal direction would be anticipated as the amount of added PFS2;[PPh,Me]X unimer (and as
the Munimer/Mseea Value) increases. Our studies indicate that this results in platelet R, values which

are relatively low (ca. 2.7-3.7) at high Mynimer/Mseeq ratios (Figure S2.14c).
2.3.4 Growth of 2D Platelet Micelles at Higher Concentrations (0.1-
0.4 wt%o)

234.1 Effect of Concentration on the Living CDSA of PFS23[PPh2Me]X

The effect of concentration on the seeded growth of PFSy[PPh,Me]l, PFSz3[PPh.,Me]SDS and
PFS23[PPh,Me]AOT from 1D PFSz4-b-P2VP3ss seeds (L, = 26 nm, Lw/Ln = 1.19) was probed. As

before, unimer solutions (10 mg/mL) of the phosphonium-capped homopolymers were prepared in
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THF and were added to seed micelles in iPrOH and aged for 24 h prior to characterization by TEM.
The final self-assembly solutions were prepared at concentrations between 1 and 4 mg/mL (0.1-
0.4 wt%) and were analysed both in solution by dynamic light scattering (DLS) and after solvent
evaporation by TEM. Vigorous mixing was again found to be essential to obtain good structure
fidelity and low size-dispersity of the resultant platelets (Figure S2.7), suggesting that the unimer

addition occurs very rapidly at these higher concentrations.

At concentrations of up to 0.2 wt%, it appears both the counteranion and living CDSA
concentration have little effect on the self-assembly process, since the platelet area, length, width,
and aspect ratio are comparable to those obtained at 0.01 wt% (Figures 2.4, 2.5, and S2.14, and
Tables S2.5-S2.7). For example, PFS23[PPh.Me]SDS platelets prepared at 0.2 wt% (A, = 325 X
10?2 nm?, Aw/An = 1.07, Ry = 3.7, Rw/Rn = 1.02) are comparable with the analogous platelets formed

at 0.01 W% (A = 320 X 102 nm?, Aw/As = 1.03, Ry = 5.1, Ru/Rn = 1.02) (Tables S2.3 and S2.6).

At 2D living CDSA concentrations above 0.3 wt%, however, the choice of counteranion was found
to be crucial with respect to platelet colloidal stability and the degree of structure fidelity (Figures
2.5and S2.14). At these concentrations, optimal control over platelet structure fidelity was obtained
when [SDS]" was used as the counteranion. From the TEM images shown in Figure 2.4, it is evident
that the platelet structure fidelity generally decreases on increasing the concentration. It should be
noted, however, that although there is an increase in area-dispersity with increasing concentration
(Tables S2.5-S2.7), platelet size analysis was carried out by approximating the micelles as
“perfect” rectangles. Values of A, are therefore overestimated at higher concentrations as the
platelet morphology diverges from a rectangle towards a more rounded, lenticular-like morphology.
This compromise in accuracy of the size measurements contributes to the increase in area-dispersity
of PFS23[PPh,Me]SDS platelets from Aw/An = 1.01 (at 0.01 wt%) to Aw/An = 1.24 (at 0.4 wt%), for
example. Again, vigorous mixing was found to be essential in accessing the lowest dispersity

nanostructures due to rapid self-assembly at high concentrations.
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Figure 2.4 Representative TEM images of (a)—(d) PFSz[PPh.Me]l, (e)—(h) PFSzs[PPh.Me]SDS

and (i)—(I) PFS23[PPh.Me]AOT platelet micelles formed through seeded growth from PFSz4-b-
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P2VP3gs 1D micelles (Ln = 26 nm, Lw/Ly = 1.19) in iPrOH at Munimer/Mseed = 10 and at various

concentrations (0.1-0.4 wt%). Scale bars: 1 pm.
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Figure 2.5 Dependence of PFSy3[PPh,Me]SDS platelet (a) number-average area (An), (b)
number-average aspect ratio (Rn), (¢) number-average length (L), and (d) number-average width
(Wn) on concentration (0.01-0.4 wt%) of the 2D living CDSA experiments in iPrOH.
PFS23[PPh,Me]SDS platelets were formed through seeded growth from PFS2s-b-P2VP3ss 1D
micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH at Muime/Mseea = 10. Error bars represent the

standard deviation.

The divergence from rectangular towards a lenticular-like morphology at higher concentrations
suggests that polycrystalline platelets are formed, rather than structures with a single crystalline
core.®® This was confirmed by Selected-Area Electron Diffraction (SAED) analysis of

PFS23[PPh,Me]SDS platelets prepared at 0.4 wt% which showed the presence of four pairs of
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diffraction arcs at several locations along the platelet micelle (Figure 2.6c, e—g, and i), with the
lack of a clear quasi-hexagonal diffraction pattern in all diffraction patterns (Figure 2.6b—i). This
result indicates that the PFS core exists in a polycrystalline state under these living CDSA
conditions.*® The formation of polycrystalline PFS might be explained by an increased rate of self-

assembly and crystallization as the concentration is increased.

Figure 2.6 (a) Low-angle annular dark field (LAADF) image of PFSx3[PPh,Me]SDS platelet
micelle formed through seeded growth from PFS24-b-P2V P35, 1D micelles (L, = 26 hm, Lw/Ly =
1.19) in iPrOH at 0.4 wt% and Munimer/Mseea = 10 and (b)—(i) the corresponding arc-type SAED
patterns of different regions along the platelet micelle. Coloured circles indicate the beam
location (beam size = 70 nm) at which data was collected for the corresponding SAED

experiments. Scale bars: (a) 100 nm, (b)—(i) 2 nm™.

In the case of Ry, a general increase with concentration was observed (Figures 2.5b and S2.14).

This is a result of a more significant increase in platelet length compared with width on increasing
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the concentration of the 2D living CDSA experiments (Figures 2.5¢, d and S2.14). This suggests
that as the concentration of the self-assembly solution increases, the growth kinetics shift to favour
polycrystalline lenticular micelles whereby unimer deposition at the seed termini parallel to the
seed long-axis (longitudinal growth) is favoured in comparison to lateral growth.%® This is
corroborated by our observation of the formation of higher aspect ratio lenticular-like
polycrystalline platelets rather than a low aspect ratio rectangular morphology with increasing

solution concentration (Figures 2.4 and 2.6).

The phenomenon of favoured longitudinal growth from the 1D seed has previously been observed
in several similar systems. For example, addition of platelet-forming BCP to 1D seeds initially
yields dumbbell-like micelles through preferential growth from the seed termini. Further addition
of unimer results in the formation of lenticular platelets through encapsulation of the seed.?* A
preferential longitudinal growth direction has also been observed in 2D living CDSA systems
which involve seeded growth of either a charge-terminated homopolymer or a BCP/homopolymer
blend from 1D seeds. In these examples, the preferential growth direction can be visualized by the
formation of segmented block comicelle platelets, where the platelet L, is observed to increase
more significantly than the corresponding value of W, with each unimer addition.232%31.32
Furthermore, when a BCP/homopolymer blend is employed in the form of unimers, crystallization
of the homopolymer (which is expected to occur faster than that of the BCP) is observed
predominantly in the longitudinal direction of the seed.®* Similarly, the addition of cylinder-
forming BCP to 2D micelles prepared via living CDSA results in the formation of hierarchical
structures whereby cylinders grow preferentially along the seed long-axis.®#16%7 Previous studies
also show that platelets prepared by the CDSA of polyisoprene-b-PFS (with a corona-to-core block
ratio of 1) in the absence of seeds are observed to form elongated tape-like sheets as opposed to
low aspect ratio structures, suggesting that there is a preferred growth direction along one axis of

the polymer crystal.?>™ Considering our results and the aforementioned previous studies, we
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believe that the observed preference for crystal growth in the longitudinal direction is a result of
the relative kinetics of PFS core crystallization from different facets, and that this is affected by

solution concentration.’*

2.34.2 Comparison with Platelets Prepared by the 2D Living CDSA of PFSzo-b-

P2VP19 at Higher Concentrations

For comparison, we investigated the seeded growth of a BCP, PFSz-b-P2VP1g, from the same 1D
PFS24-b-P2VP3s4 seed micelles (L, = 26 nm, Lw/L, = 1.19) and under the same self-assembly
conditions (Mynimer/Mseea = 10, 0.01-0.4 Wt% in iPrOH). PFS20-b-P2VP19 was selected for this study
since it exhibits a very low block ratio and is therefore expected to favour the formation of
platelets,’®22 as well as having a PFS segment of comparable DP,, to that of the initially studied
phosphonium-capped homopolymers, [PFS23PPh,Me]X. The living CDSA procedure was carried
out in the same way as previously described, notably involving unimer addition to the seeds with
vigorous mixing to obtain nanostructures with the lowest accessible size-dispersity. Ill-defined
lenticular-like platelets with relatively high aspect ratios (R, = 4.6-6.8) were obtained under all
concentrations studied (Figure S2.15 and Table S2.8). Although these nanostructures exhibited
similar dispersities in both the platelet area (Aw/An = 1.05-1.20) and aspect ratio (Rw/Rn = 1.04—
1.08) compared with those formed from PFSz3[PPh.Me]X (Aw/An = 1.01-1.24, RWw/R, = 1.01-1.09),
lower dispersity structures were accessed from the latter (Aw/An < 1.04, Rw/Rn < 1.03). This suggests
that the presence of a polar phosphonium-counteranion pair at the terminus of the PFS
homopolymer promotes more controlled growth compared to that of a coronal block under these

high concentration conditions.
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2.3.4.3 PFS23[PPh2Me]X  Platelet Defect Formation with Increasing

Concentration

As the 2D living CDSA concentration is increased, an increasing number of defects were observed.
The most common type of defect appeared to be a result of platelet “fusion” (Figure S2.16a). This
defect occurs more frequently at higher concentrations, being present in up to 7% of
PFS23[PPh.Me] X nanostructures formed at 0.1 wt%, 2-33% at 0.2 wt%, 13-40% at 0.3 wt%, and
in 38% (X = SDS) at 0.4 wt%. At all concentrations, PFS2;[PPh,Me]SDS platelets exhibit the
lowest percentage of fusion defects compared with that of PFSz[PPh.Me]l and
PFS23[PPh,Me]AOT (0 vs. 7% at 0.1 wt%, 2 vs. 14 and 33% at 0.2 wt%, 13 vs. 32 and 40% at
0.3 wt%) (Figure S2.16b). A similar fusion phenomenon has previously been observed in the end-
to-end coupling of cylindrical micelles with a crystalline PFS core on addition of PFS
homopolymer.” Since the frequency of this type of defect increases with concentration, we believe
that the occurrence of platelet fusion is due to both a decrease in the average distance between the
growing platelet micelles as well as an increased rate of self-assembly and unimer growth,” making

a fusion event more probable.

Platelet fragmentation, which also contributes to producing nanostructure defects, similarly appears
to be more common at higher self-assembly concentrations (Figure S2.16¢). However, this is
thought to be a result of the formation of higher aspect ratios at increased concentration. Higher
aspect ratio platelets would be more susceptible to fragmentation under the shear forces
experienced on vigorous mixing during self-assembly and also upon sample drying before TEM

analysis.?®

Platelet formation by living CDSA (Munimer/Mseed = 10) was probed by DLS (Figures S2.17 and
S2.18, and Table S2.9) to determine whether fragmentation occurs in solution and/or on solvent

evaporation during TEM sample preparation. It should be noted that the apparent hydrodynamic
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radius (Rw,app) measured in DLS is the diameter of a sphere that has the same translational diffusion
coefficient as the particle in question.” Although the absolute Ry app Values for anisotropic
PFS23[PPh,Me] X platelets are not insightful, the relative values can provide a useful indication of
comparative size of the nanostructures. L, was determined by TEM size-analysis for
PFS23[PPh.Me] X platelets (Table S2.10) to provide insight into the significance of any changes in
Ruapp ON increasing concentration. From TEM size-analysis, PFSxs[PPh.Me]X platelets are
comparable in length at all concentrations except 0.4 wt%, where data could only be obtained for
X = SDS (L, = 306-432 nm) (Table S2.10). By DLS, the platelets prepared at 0.1 and 0.2 wt%
exhibit Ry app Values of 2127-3274 nm (Figures S2.17a, b, S2.18a, b, and Table S2.9). Although
dissimilar in comparison with L, values from TEM (Table S2.10), this suggests that there is little
difference in the platelet size, suggesting fragmentation is negligible at these concentrations. At
0.3 wt%, a significant variation in Ry app is observed. PFS23[PPhaMe]l platelets exhibit the lowest
value (Ru,app = 1162 £ 417 nm) compared with PFS23[PPh,Me]AOT (Ru,app = 2618 + 158 nm) and
PFS23[PPh2Me]SDS (Ru,app = 3991 + 939 nm) (Figures S2.17c and S2.18c). Similarly, at 0.4 wt%,
the Ru app OF PFS23[PPhaMe]l platelets was found to be 270 + 160 nm, which is considerably smaller
than that of PFS,3[PPhuMe]SDS (Ruzpp = 1081 + 57 nm) and PFS23[PPh,Me]AOT (Ruapp = 2314 +
273 nm) (Figures S2.17d and S2.18d). These results are indicative that PFSz3[PPh.Me]l platelet
fragmentation occurs in solution at 0.3 and 0.4 wt% to a higher degree than that in the presence of
surfactant counteranions. The Ruapp Value for PFSx[PPh.Me]SDS at 0.4 wt% is significantly
decreased compared with lower concentrations, suggesting that platelet fragmentation occurs under
these conditions. Since PFS3[PPh.Me]SDS platelets exhibit an increased aspect ratio at 0.4 wt%,
it is likely that an increased susceptibility to fragmentation under shear forces results in this defect

occurring.?®

There was little evidence for self-nucleation apparent by TEM at any of the concentrations studied.

Depending on the counteranion, over 93-97% of the platelets appear to possess a clear electron
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dense PFSzs-b-P2VP3ss seed in the center (Figure S2.16d). In the few cases in which the seed
cannot be observed, self-nucleation may still be absent, as platelet fragmentation during vigorous

mixing or TEM sample preparation could explain the presence of the seedless structures.

In order to minimize structural defects and dispersities in size and aspect ratio, the use of surfactant
counteranions, [SDS]" or [AOT], appears to be essential. This is thought to be due to both the
imparted polarity as well as the increased solubilising effect of the surfactants compared with the
iodide counteranion.?® By TEM and DLS, platelets formed from PFS2[PPh,Me]SDS appear to be
the most colloidally stable at higher concentrations (Figures 2.4h, S2.17, and S2.18), due to the
minimal aggregation detected after solvent evaporation, and these also exhibit the least number of
structural defects (Figure S2.16). This suggests that the solubilising effect of the surfactant [SDS]

is larger compared with that of [AOT]".

2.3.4.4 Effect of Temperature on the Living CDSA of PFS23[PPh2Me]X

To further investigate the parameters which impact the living CDSA of phosphonium-capped PFS
homopolymers from 1D seeds, the effect of temperature (40 °C) was investigated. On increasing
the temperature at which 2D living CDSA was performed from room temperature (22 °C) to 40 °C,
an improvement in structure fidelity is observed only in the case of the phosphonium-capped
homopolymers with surfactant counteranions (Figures 2.7, S2.19, and Table S2.11). Thus, in the
case of PFSa3[PPh.Me]l, there appeared to be no significant change in the structure fidelity or
presence of aggregation (Figure S2.19a, d). Performing the living CDSA of PFSy[PPh,Me]SDS
at room temperature (22 °C) and 0.4 wt%, we observed the formation of polydisperse, high aspect
ratio platelets (Aw/An = 1.24, R, = 10.0) (Figures 2.4h and S2.19b). However, when the self-
assembly temperature was increased to 40 °C there appeared to be more control over the self-
assembly process at this higher concentration. Lower dispersity platelets which exhibit a
significantly reduced aspect ratio were formed (Aw/An = 1.12, R, = 4.6) (Figures 2.7a and S2.19),

despite the living CDSA concentration being 200 times higher than that previously reported for
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BCP systems and 40 times higher than that of charge-terminated homopolymers.?*?® The reduction
in aspect ratio at 40 °C is a result of a 43% decrease in platelet length (from L, = 880 to 500 nm)
and a 22% increase in platelet width (from W, = 90 to 110 nm) compared with platelets prepared
at 22 °C. Similarly, the living CDSA of PFS2[PPh,Me]AQOT at room temperature (22 °C) yielded
aggregates for which size analysis could not be performed by TEM (Figures 2.4i and S2.19c).
Performing the living CDSA of PFS23[PPh.Me]AOT at 40 °C, however, improved the structure
fidelity significantly and yielded low dispersity platelets (Aw/An = 1.10, R, = 4.5) (Figures 2.7b and
S2.19f). Increasing the temperature at which self-assembly is performed is believed to slow the
core crystal growth rate,” leading to more efficient crystallization. Plasticization of the PFS core

at elevated temperatures may also facilitate core crystallization.®
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Figure 2.7 Representative TEM images of (a) PFS23[PPh,Me]SDS and (b) PFS2;[PPh,Me]AOT
platelet micelles formed through high concentration (0.4 wt%) seeded growth at 40 °C from
PFSZA'b'PZVPSBA 1D mlCE”ES (Ln = 26 nm, Lwan = 119) In IPrOH at munimer/mseed = 10 Scale

bars: 1 pm.

2.4 Summary

We report a significant improvement in the scalability of low dispersity 2D platelets prepared via
living CDSA of phosphonium-capped PFS homopolymers with surfactant counteranions,

PFS23[PPh,Me]SDS and PFSy3[PPh,Me]AOT, from 1D seeds. At room temperature (22 °C),
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increasing the 2D self-assembly concentration beyond 0.2 wt% resulted in a decrease in the platelet
structure fidelity as well as an increase in the frequency of structural defects, such as fragmentation
or fusion. Further to this, higher aspect ratio polydisperse lenticular-like platelets were formed. In
these cases, performing the 2D living CDSA at 40 °C, rather than 22 °C, was found to improve the
size-control, dispersity, and fidelity of the platelets. This is likely due to higher PFS core chain
mobility as well as a decrease in the living CDSA rate at elevated temperatures, which facilitates
controlled crystallization of the core.>®™ At higher concentrations, the use of a surfactant
counteranion, particularly [SDS], was found to allow improved size-control and colloidal stability.
This proof-of-concept work also provides fundamental understanding of the factors that influence

the scale-up of 2D living CDSA, including defect formation.
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2.6 Supplementary Material

2.6.1 Materials and Methods

Solvents were dried and de-oxygenated using a Solvent Purification System (SPS). THF used for
anionic polymerization was distilled from Na/benzophenone. All materials were purchased from
Sigma-Aldrich and used as received unless otherwise stated. Self-assembly experiments were
performed in HPLC grade solvents, filtered through a 0.2 um membrane.
Dimethylsila[1]ferrocenophane was prepared by literature procedure.* Polymers PFSz4-b-P2VP3s4
(My = 46,420 Da, My/M, = 1.19), PFSas[PPhoMe]l (M, = 5,830 Da, Mu/M, = 1.07), and PFSy-b-

P2VP1o (Mn = 6,450 Da, Myw/M, = 1.10), were prepared by literature procedures.?3

2.6.2 Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. *H and P NMR were obtained using a
Varian 500 MHz spectrometer. 1*P NMR analyses used an internal reference of triphenylphosphine
in THF (100 mg/mL). *H DOSY NMR was conducted using a Varian 500 MHz spectrometer, with
a 900 ms diffusion delay (A) and a diffusion gradient length (6) of 2500 us. Polymer and surfactant
samples were analysed at a concentration of 5 mg/mL or 10 mg/mL, respectively. NMR data was

processed using MestReNova.

Gel permeation chromatography (GPC). GPC was conducted using a Malvern Omnisec
Resolve/Reveal equipped with a triple detector array, automatic sampler, pump, injector, inline
degasser column oven (set at 35 °C), elution columns consisting of styrene/divinylbenzene gels (of
pore size 500-5,000 A), refractometer, four-capillary differential viscometer, UV/Vis detector (A =
440 nm) and dual angle laser light scattering detector (7° and 90°). GPC grade THF with 1 wt%
triethylamine was used as the eluent, with a set flow rate of 1 mL/min. Samples were dissolved in

THF at 2 mg/mL and filtered through a 0.2 um polytetrafluoroethylene membrane prior to analysis.
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Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry.
MALDI-TOF was performed on a Bruker Ultraflex IIl TOF/TOF instrument. Samples were
prepared by mixing 10 pL of polymer sample in THF (2 mg/mL) with 100 pL of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene] malonitrile in THF (20 mg/mL). Approximately 2 pL of

this mixture was deposited onto a polished steel plate and allowed to dry.

Transmission electron microscopy (TEM). Copper grids (500 mesh) were purchased from Ted
Pella, Inc. and carbon films were prepared by using a Leica EM ACEG00 instrument. Carbon films
were deposited onto the copper grids by floatation on water and allowed to dry over 24 hours.
Samples for electron microscopy were prepared by drop-casting 8 uL of micelle colloidal solution
onto a carbon-coated copper grid followed by solvent evaporation. TEM images were obtained

using a JEOL JEM 1011 operating at 80 kV, equipped with a Gatan Orius SC1000 CCD camera.

Measurements were undertaken by hand using ImageJ software, developed by the US National
Institute for Health. The platelet area (A), length (L) and width (W) were measured by using the
rotated rectangle tool. The aspect ratio (R) was calculated for each platelet by the following

equation:

The number-average area (A,) and weight-average area (Aw) were calculated according to the

following equations:

_ X N4
XN

_ Y1 NA
XENiA;

An Aw

The number-average length (L,) and weight-average length (Lw) were calculated according to the
following equations:

_ XN L _ XPNL
" N YoXENL;

4
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The number-average width (W,) and weight-average width (W) were calculated according to the
following equations:

_ XN W - X7 N,W7?
YN, Yo XENW;

The number-average aspect ratio (Rn) and weight-average aspect ratio (Rw) were calculated

according to the following equations:

_ X NiR; R _ XTNR?
YN, Y YPNR;

A minimum of 100 micelles were measured for each data point. Errors displayed are standard

deviations of each data set.

Selected-area electron diffraction (SAED) analysis. Four-dimensional scanning transmission
electron microscopy (4D-STEM) data for 2D nanostructures was collected using a STEM Hitachi
HF-3300v with a hybrid pixel array detector MerlinEM (Quantum Detectors) operating in low-
magnification mode at 200 kV. Hitachi High-Technologies Canada’s Azorus software was used to
control and acquire diffraction data. Diffraction data was collected from a 2.5 x 3.5 pm sample area
on a 30 x 40 grid. In the surveyed area, 1,200 diffraction patterns were collected. The sample was
exposed to the beam (beam size = 70 nm) for 2 ms during collection each diffraction pattern, giving
an average dose of approximately 3e7/A? including the preacquisition sample positioning
exposure. Resulting data from such acquisitions was first inspected using Azorus software. Post-
collection processing was performed using pixStem and HyperSpy open-source Python libraries
from multidimensional data analysis. It should be noted that obtaining further evidence for the core
crystallinity was challenging due to issues with the beam-sensitivity of the PFS-based platelets, as

well as beam overlap with the central 1D PFS2s-b-P2VP3g4 seed.
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Dynamic light scattering (DLS). DLS was performed using a Malvern Panalytical Zetasizer
Ultra/Pro instrument equipped with a laser with a wavelength of 633 nm and a detector oriented at

173° to the incident radiation.

Ultrasonication. Micelle sonication was carried out using a Fisherbrand FB11203 sonication bath

(37 W sonication power).

2.6.3 Synthetic Procedures

2.6.3.1 Synthesis of phosphine-terminated PFS homopolymer, PFS23PPh2

Dimethylsila[1]ferrocenophane (484 mg, 2.00 mmol) in dry, degassed tetrahydrofuran (THF)
(5mL) was initiated with n-butyl lithium (1.6 M in hexanes, 63 L, 0.10 mmol) at room
temperature to target a degree of polymerization (DP,) of 20. After 45 min, the colour of the
solution had changed from red to amber, indicating complete conversion of the monomer. The
reaction was terminated by the addition of chlorodiphenylphosphine (373 pL, 2.02 mmol) and
stirred for 90 min. The resulting polymer was precipitated into degassed methanol, followed by
washing with the same non-solvent 3 times. The polymer was dried under vacuum for 1 h to afford

an orange solid. *H NMR analysis was used to determine the homopolymer structure of PFS23PPh,.

Yield: 387 mg (80%). *H NMR (500 MHz, CDCls): 5 (ppm) = 7.39-7.29 (m, 10H, PPh,), 4.21 (m,
92H, CpH), 4.01 (m, 92H, CpH), 0.46 (s, 138H, Si(CHs)2), 0.40 (s, 2H, Me(CH),CH,SiMey), 0.19

(s, 6H, n-BuSi(CHs)z); *'P NMR (500 MHz, CDCls):  (ppm) = -17.5; Mw/M, (GPC) = 1.08.
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2.6.3.2 Quaternization of phosphine-terminated PFS homopolymer to prepare

the phosphonium derivative PFS23[PPh2Me]l

To a solution of PFS»3PPh; (300 mg, 0.06 mmol) in THF (3 mL) was added an excess of Mel
(300 uL, 4.80 mmol). After 3 h, the polymer was precipitated in degassed hexanes, followed by
washing with hexanes 3 times. The polymer was dried under vacuum for 1 h to afford an orange
solid. Complete quaternization was determined using integration of the PPh; (7.77-7.61 ppm) and
P-CHjs (3.04 ppm) proton resonances within the *H NMR spectrum (Figure S1a,b). The polymer
was stored in the absence of light. Using the degree of polymerization (DPy) determined via *H
NMR analysis (DP, = 23), the M, could be calculated through summation of the molar masses of
the n-butyl and phosphonium end groups with that of the main chain: (242.17 Da x 23) + 57.12 Da
+ 200.19 Da = 5827.22 Da. This value was in good agreement with the M, obtained via MALDI-

TOF mass spectrometry.

Yield: 278 mg (90%). 'H NMR (500 MHz, CDCls): & (ppm) = 7.77-7.61 (m, 10H, PPh,), 4.56 (t,
2H, Cp(a-H)-[PPh.Me]*) 4.36 (t, 2H, Cp(B-H)-[PPh.Me]") 4.21 (m, 92H, CpH), 4.01 (m, 92H,
CpH), 3.04 (d, J = 13.0 Hz, 3H, P-CHs), 0.46 (s, 138H, Si(CHs),), 0.34 (m, 6H,
Si(CHs)2(Cp)Fe(Cp)-[PPh.Me]*), 0.19 (s, 6H, n-BuSi(CHs)); **P NMR (500 MHz, THF): § (ppm)

= +24.1; M, (MALDI-TOF) = 5,830 Da; M, (*H NMR) = 5,827 Da; Mu/M, (GPC) = 1.07.
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2.6.3.3 Anion exchange of PFSzs[PPh2Me]l homopolymer to prepare

PFS23[PPh2Me]SDS

|
mBuT S~ 3

To a solution of PFS2;[PPh,Me]l (100 mg, 0.02 mmol) in THF (3 mL) was added an excess of
sodium dodecyl sulfate, [SDS]Na, (952 mg, 3.30 mmol). A precipitate formed immediately. The
reaction was stirred for 1 h before precipitation into methanol. The polymer was washed with
methanol 3 times to remove Nal. Drying under vacuum for 1 h afforded an orange solid. The
polymer was stored in the absence of light. Complete anion exchange was confirmed by *H NMR
through integration analysis of the ratio of the PPh, and -CHy- signals. Using the degree of
polymerization (DP,) determined via 'H NMR analysis (DP, = 23), the M, could be calculated
through summation of the molar masses of the n-butyl and phosphonium end groups with that of
the main chain: (242.17 Da x 23) + 57.12 Da + 200.19 Da = 5827.22 Da. This value was in good

agreement with the M, obtained via MALDI-TOF mass spectrometry.

Yield: 97 mg (92%). *H NMR (500 MHz, CDCls): 8 (ppm) = 7.72-7.60 (m, 10H, PPh,), 4.55 (t,
2H, Cp(a-H)-[PPhoMe]"), 4.42 (t, 2H, Cp(B-H)-[PPh:Me]*), 4.21 (m, 92H, CpH), 4.02 (m, 92H,
CpH), 2.97 (d, J = 13.0 Hz, 3H, P-CHa), 2.22 (t, J = 7.0 Hz, 1H, (SO4)CHz-), 2.01 (d, 7.0 Hz, 1H,
(SO4)CHy-), 1.68 (p, J = 7.0 Hz, 2H, (SO4)CH.CHy-), 1.36-1.23 (m, 18H, -CHy-), 0.46 (s, 138H,
Si(CHa)2), 0.34 (m, 6H, Si(CHs)(Cp)Fe(Cp)-[PPh.Me]*), 0.21 (s, 6H, n-BuSi(CHs)z); 3P NMR
(500 MHz, THF): § (ppm) = +23.8; M, (MALDI-TOF) = 5,830 Da; My (*H NMR) = 5,827 Da;
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2.6.3.4 Anion exchange of PFSzs[PPh2Me]l homopolymer to prepare

PFS2s[PPh:Me]AOT

To a solution of PFSz[PPh,Me]l (100 mg, 0.02 mmol) in THF (3 mL) was added an excess of
dioctyl sulfosuccinate sodium salt, [AOT]Na, (1.47 g, 3.30 mmol). A precipitate formed
immediately. The reaction was stirred for 1 h before precipitation into methanol. The polymer was
washed with methanol 3 times to remove Nal. After drying under vacuum for 1 h, an orange solid
was afforded. The polymer was stored in the absence of light. Complete anion exchange was
confirmed by *H NMR through integration analysis of the ratio of the PPh, and CH; signals. Using
the degree of polymerization (DP,) determined via *H NMR analysis (DP, = 23), the M, could be
calculated through summation of the molar masses of the n-butyl and phosphonium end groups
with that of the main chain: (242.17 Da x 23) + 57.12 Da + 200.19 Da = 5827.22 Da. This value

was in good agreement with the M, obtained via MALDI-TOF mass spectrometry.

Yield: 102 mg (94%). *H NMR (500 MHz, CDCls): § (ppm) = 7.74-7.59 (m, 10H, PPh), 4.52 (t,
2H, Cp(a-H)-[PPhoMe]*), 4.42 (t, 2H, Cp(B-H)-[PPhaMe]*), 4.21 (t, J = 2.0 Hz, 92H, CpH), 4.01
(t, J = 2.0 Hz, 92H, CpH), 3.97-3.90 (m, 4H, -CH,CO0-), 3.36 (dd, J = 17.5, 12.0 Hz, 1H, -
CH(SO3)CHs-), 3.18 (dd, J = 17.5, 3.0 Hz, 1H, -CH(SO3)CHz-), 2.96 (d, J = 13.5 Hz, 3H, P-CHs),
1.48-1.39 (M, 2H, -CH-), 1.37-1.27 (m, 16H, -CH,-), 0.88-0.81 (m, 12H, -CH,CHs), 0.46 (s, 138H,

Si(CHa)2), 0.31 (m, 6H, Si(CHa)2(Cp)Fe(Cp)-[PPhoMe]*), 0.19 (s, 6H, n-BuSi(CHs)z); 3P NMR
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(500 MHz, THF): § (ppm) = +23.6; M, (MALDI-TOF) = 5,830 Da; M, (*H NMR) = 5,827 Da;

Muw/M, (GPC) = 1.07.

2.6.35 Synthesis of PFS24-b-P2VP3s4

| Ph
?i H
! X
| Fe Ph
S AN
24
X" 1384

Dimethylsila[1]ferrocenophane (210 mg, 0.87 mmol) in THF (2 mL) was initiated with n-butyl
lithium (1.6 M in hexanes, 22 pL, 0.04 mmol) at room temperature. After 30 min, the colour of the
solution changed from red to amber, indicating complete conversion of the monomer. Sequential
addition of 1,1-dimethylsilacyclobutane (DMSB) (14 pL, 0.11 mmol) followed by 1,1-
diphenylethylene (DPE) (37.0 pL, 0.21 mmol) into the living PFS polymer solution caused a
change in colour from amber to dark red within a minute, indicating the formation of a
diphenylmethyl-type carbanion. After a total of 40 min, an aliquot (415 pL) for molecular weight
analysis was removed and quenched with 4-t-butylphenol. Dry LiCl (ca. 10 mg) and 2-
vinylpyridine (1.2 mL, 11.1 mmol) were dissolved in THF (5.6 mL). The living PFS and 2-
vinylpyridine/LiCl solutions were both cooled to -78 °C for 15 min before they were combined.
The reaction proceeded for 60 min at -78 °C before termination with 4-t-butylphenol. The polymer
was precipitated into hexanes from THF 3 times and was then dried under vacuum overnight to
afford a light orange solid. GPC and *H NMR analysis were used to determine the final block

copolymer composition of PFS2-b-P2VP3ga.

Yield: 1.06 g (77%). *H NMR (500 MHz, CDClz): & (ppm) = 8.23 (m, 16H, NCHC), 7.26-6.16 (m,
48H, aromatic H), 4.21 (m, 4H, CpH), 4.00 (m, 4H, CpH), 2.40-1.42 (br, alkyl H), 0.45 (s, 6H,

Si(CHs)2); My, (GPC) = 46,420 Da; M./M, (GPC) = 1.19.
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2.6.3.6 Synthesis of PFS20-b-P2VP19

| Ph
Si H
| Fl.e | * ph
nBu—-Si—gZ > Z\
| 20 U '

Dimethylsila[1]ferrocenophane (100 mg, 0.4 mmol) in THF (2 mL) was initiated with n-butyl
lithium (1.6 M in hexanes, 10 pL, 0.016 mmol) at room temperature. After 30 min, the colour of
the solution changed from red to amber, indicating complete conversion of the monomer.
Sequential addition of 1,1-dimethylsilacyclobutane (DMSB) (6.2 uL, 0.048 mmol) followed by
1,1-diphenylethylene (DPE) (17 pL, 0.096 mmol) into the living PFS polymer solution caused a
change in colour from amber to dark red within a minute, indicating the formation of a
diphenylmethyl-type carbanion. After a total of 40 min, an aliquot (250 pL) for molecular weight
analysis was removed and quenched with 4-t-butylphenol. Dry LiCl (ca. 1 mg) and 2-vinylpyridine
(32 pL, 0.3 mmol) were dissolved in THF (500 yL). The living PFS and 2-vinylpyridine/LiCl
solutions were both cooled to -78 °C for 15 min before they were combined. The reaction
proceeded for 40 min at -78 °C before termination with 4-t-butylphenol. The polymer was
precipitated into hexanes from THF 3 times and was then dried under vacuum overnight to afford
a light orange solid. MALDI-TOF and *H NMR analysis were used to determine the final block

copolymer composition of PFSzp-b-P2VP1s.

Yield: 89 mg (68%). *H NMR (500 MHz, CDCls): & (ppm) = 8.22 (m, 1H, NCHC), 7.22-6.22 (m,
3H, aromatic H), 4.22 (s, 4H, CpH), 4.02 (s, 4H, CpH), 2.40-1.46 (br, alkyl H), 0.44 (s, 6H,

Si(CHs)2); M, (GPC) = 6,450 Da; Mw/M, (GPC) = 1.10.
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2.6.4 Self-Assembly Procedures

2.6.4.1 Formation of uniform 1D PFS24-b-P2VPsg4 cylindrical seed micelles (Ln =

26 nm, Lw/Ln =1.19) at 0.6 wt%

A 5 mg/mL (0.6 wt%) solution of PFS2s-b-P2VP3g4 in iPrOH was prepared and heated at 80 °C
with stirring for 24 h, to ensure complete dissolution of the polymer. The solution was left to cool
slowly to room temperature (22 °C) without stirring after turning off the heating source. TEM
analysis after a further 24 h confirmed the presence of polydisperse cylindrical micelles. The fibres
were sonicated at 0 °C for 4 h, to yield low aspect ratio by polydisperse micelles (L, =22 £ 15 nm,
Lw/L, = 1.46). These fibres were then annealed at 80 °C for 30 min to improve the micelle length-
dispersity. Uniform 1D seed micelles resulted and were carefully measured by hand using ImagelJ

software (as previously described on page S3). L, =26 £ 10 nm, Lu/L, = 1.19.
2.6.4.2 Formation of uniform 2D platelet micelles at 0.01 wt%

To iPrOH (1 mL) was added 25 pL of PFS24-b-P2VPsg4 seeds (L, = 26 nm, Lw/L,=1.19) in iPrOH
(0.5 mg/mL). To this colloidal solution was added a specific amount of unimer solution in THF
(10 mg/mL) whilst vigorously shaking by vortex mixer for 3 s. The solution was left for 24 h before
TEM analysis. Uniform low aspect ratio platelets were observed and were carefully measured by

hand using ImageJ software (as described on page S3).
2.6.4.3 Formation of 2D platelet micelles at scalable concentrations (0.1-0.4 wt%b)

To various amounts of iPrOH (to prepare 1, 2, 3, 4 and 5 mg/mL solutions) was added 10 pL of
PFS24-b-P2VP3s4 seeds (Ln = 26 nm, Lw/L, =1.19) in iPrOH (5 mg/mL). The solution was manually
shaken for 3 s before 50 uL. of unimer solution in THF (10 mg/mL) was added whilst vigorously

shaking by vortex mixer for 3 s. The solutions were left for 12 h before TEM analysis. Samples

89



Chapter 2

diluted to 0.1 mg/mL for analysis. The resultant nanostructures were carefully measured by hand

using ImageJ software (as described in Section 0).

2.6.5 Supplementary Figures
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Figure S2.1 'H NMR spectra (in CDCls) of (a) PFSzsPPh,, compared with quaternized (b)

PFSQ3[PPh2M€]|, (C) PFst[PthME]SDS and (d) PFSz3[PPh2ME]AOT. Small peaks at 4.56—
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4.36 ppm and 0.34-0.19 ppm correspond to locations near the polymer chain termini and are

assigned on pages 83-86.

nBu——JIi--@ SDs

T RS -

25 20 15 10 5 0 -5 -10 -15 -20
S (ppm)
Figure S2.2 3'P NMR spectra of (a) PFS23PPh, compared with quaternized (b) PFS3[PPh.Me]l,
(c) PFS23[PPh,Me]SDS and (d) PFS23[PPh,Me]AOT. Triphenylphosphine (100 mg/mL in THF)

was used as an internal reference.
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Figure S2.3 MALDI-TOF spectra of (a) PFSz;[PPh:Me]l; [MT] = 5,830 Da, (b)
PFS23[PPh,Me]SDS; [M*] = 5,830 Da and (c) PFS23[PPh.Me]AOT; [M*] = 5,830 Da. The mass
difference between each peak is equal to the molecular weight of a PFS monomer unit (242 Da).

The spectra were obtained in positive mode, thus the counteranions cannot be observed.
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Figure S2.4 'H DOSY NMR spectra of (a) PFSz3[PPh,Me]SDS and (c) PFSzs[PPh.Me]AOT,

compared with that of the sodium salts of the counteranions, (b) Na[SDS] and (d) Na[AOT]. All

DOSY experiments were carried out in THF-dg at a concentration of ca. 5 mg/mL.
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Figure S2.5 (a) Representative TEM image of PFSys-b-P2VP3ss 1D micelles prepared by
sonication of polydisperse cylindrical micelles at 0 °C for 4 h. (b) Histogram of contour length
distribution, L, =22 nm; Lw/L, = 1.46; 5 mg/mL (0.6 wt%). Solution samples of 0.5 mg/mL were

drop-cast and imaged after solvent evaporation. Scale bar: 1000 nm.
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Figure S2.6 (a) Representative TEM image of PFS24-b-P2VP3s. 1D seed micelles used in this
study. (b) Histogram of contour length distribution, L, = 26 nm; Lu/L, = 1.19; 5mg/mL
(0.6 wt%) in iPrOH. Solution samples of 1 mg/mL were drop-cast and imaged after solvent

evaporation. Scale bar: 500 nm.
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Figure S2.7 Representative TEM images of PFSy[PPh.Me]SDS platelet micelles formed
through seeded growth from PFSz4-b-P2VP3sg4 1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH
at 0.01 wt% and a Mynimer/Mseea OF 10 prepared (a) in the absence of vigorous mixing (Aw/An =
3.44), (b) with vigorous mixing for 3 s (as in this work) (Aw/An = 1.03), and (c) with a further 3 s

of vigorous mixing (Aw/An = 1.03). Scale bar: 1 pm.
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Figure S2.8 Representative TEM images of PFS,3[PPh.Me]l platelet micelles formed through
seeded growth from PFSz-b-P2VPsgs 1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH at

0.1 mg/mL (0.01 wt%) and various Munimer/Mseed. Scale bars: 1 pm.
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Figure S2.9 Contour area distributions of PFSy3[PPh,Me]l platelet micelles formed through

seeded growth from PFSz-b-P2VPsg, 1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH at

0.1 mg/mL (0.01 wt%) and various Mynimer/ Mseed-
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Figure S2.10 Representative TEM images of PFSa3[PPh.Me]SDS platelet micelles formed
through seeded growth from PFS24-b-P2VP3s4 1D micelles (Ly = 26 nm, Lw/L, = 1.19) in iPrOH

at 0.1 mg/mL (0.01 wt%) and various Mynimer/Mseed. Scale bars: 1 pm.
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Figure S2.11 Contour area distributions of PFS,3[PPh,Me]SDS platelet micelles formed through

seeded growth from PFS;4-b-P2VP3zs, 1D micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH at

0.1 mg/mL (0.01 wt%) and various Mynimer/ Mseed-
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Figure S2.12 Representative TEM images of PFS;[PPh.Me]AOT platelet micelles formed
through seeded growth from PFS24-b-P2VP3g4 1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH

at 0.1 mg/mL (0.01 wt%) and various Munimer/Mseea. Scale bars: 1 pm.
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Figure S2.13 Contour area distributions of PFS2[PPh,Me]AOT platelet micelles formed

through seeded growth from PFS24-b-P2VP3g4 1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH

at 0.1 mg/mL (0.01 wt%) and various Munimer/Mseed.

103



Chapter 2

(a)
¢ ¢ &
0 01 02 03 04
Concentration (wt%)
(c)
i "R | i
0 01 02 03 04

Concentration (wt%)

(b)

i

0.1

0.2

03 04

Concentration (wt%)

0.5

(d)

0

0.1

0.2

0.3

Concentration (wt%)

04

Figure S2.14 Dependence of PFSy[PPh.Me]X platelet (a) number-average area (An), (b)

number-average aspect ratio (Rn), (¢) number-average length (L), and (d) number-average width

(Whn) on 2D living CDSA concentration in iPrOH. X = I (purple), SDS (blue), AOT (red). Error

bars represent the standard deviation of measured areas, lengths and widths, or calculated aspect

ratios.
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0.01 wt% 0.1 wt%
‘ (b)

Figure S2.15 Representative TEM image of lenticular-like platelets from seeded growth of
PFS20-b-P2VP19 from PFS4-b-P2VP3s4 1D micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH at

(a) 0.01 wt%, (b) 0.1 wt%, (c) 0.2 wt%, (d) 0.3 wt%, and (e) 0.4 wt%. Scale bars: 500 nm.
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% of platelets with
fragmentation defects

Figure S2.16 (a) Representative TEM image of platelet fusion defects observed in 2D living
CDSA at higher concentrations (0.1-0.4 wt%). This example is taken from the living CDSA of
PFS23[PPh;Me]l at @ Mynimer/Mseea OF 10, carried out at 0.3 wt% iPrOH. It shows a “trimer” and
“dimer”, both formed through fusion defects. This is contrary to nanostructure overlap, which
can be observed as the area of higher electron contrast where the “trimer” and “dimer” have
physically aggregated, presumably on solvent evaporation during TEM sample preparation.
Dependence of the percentage of PFSx[PPh,Me]X platelets with (b) fusion defects, (c)

fragmentation defects, or (d) in the absence of a 1D seed on the 2D living CDSA concentration.
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Figure S2.17 Representative intensity distribution DLS plots of PFSy[PPh,Me]X platelet

micelles formed through seeded growth from PFSz4-b-P2VP3g4 1D micelles (L, = 26 nm, Lu/L,

= 119) in IPI‘OH at a munimer/mseed Of 10 and at (a) 01 Wt%, (b) 02 Wt%, (C) 03 Wt%, and (d)

0.4 wt%. X

=1 (purple), SDS (blue), AOT (red).
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Figure S2.18 Representative number distribution DLS plots of PFSz[PPh.Me]X platelet
micelles formed through seeded growth from PFSz4-b-P2VP3g4 1D micelles (L, = 26 nm, Lu/L,
= 119) in IPI’OH at a munimer/mseed Of 10 and at (a) 01 Wt%, (b) 02 Wt%, (C) 03 Wt%, and (d)

0.4 wt%. X = | (purple), SDS (blue), AOT (red).
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Figure S2.19 Representative TEM images of (a), (d) PFSxz[PPh,Me]l, (b), (e)
PFS23[PPh,Me]SDS and (c), (f) PFS2s[PPho,Me]AOT platelet micelles formed through high
concentration (0.4 wt%) seeded growth at (a)—(c) 22 °C or (d)—(f) 40 °C from PFSz-b-P2V P34

1D micelles (L, = 26 nm, Lw/Ly = 1.19) in iPrOH at Munimer/Mseed = 10. Scale bars: 1 pm.
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2.6.6 Supplementary Tables
Table S2.1 Diffusion coefficients of resonances arising from the surfactant counteranion obtained
from *H DOSY NMR analysis of PFS,3[PPh,Me]X compared with that of the sodium salts of the

counteranions, Na[SDS] and Na[AOT].

5 (ppm) Proton lefusuznm (Z:/(Sszluent
Na[SDS] 1.35-1.32 494 x 10°
-CHz-
PFS23[PPh.Me]SDS 1.34-1.33 2.44 x 10®
Na[AOT] 0.96-0.91 4.47 x 10°°
-CH,CH3
PFS23[PPh.Me]AOT 0.95-0.88 2.03x 10°®

Table S2.2 Parameters obtained from statistical analysis of contour area measurements for
PFSas[PPh.Me]l platelet micelles formed through seeded growth from PFS2s-b-P2VP3gs 1D

micelles (L, =26 nm, Lw/L, = 1.19) in iPrOH at 0.01 wt% and various Mynimer/Mseed.

Munimer/Mseed An (x10°nm?) | o (x 102 nm?) AuwlAn Rn Rw/Rn
5 189 23 1.02 51 1.02
10 342 34 1.01 4.1 1.01
20 716 42 1.00 4.0 1.01
30 1086 85 1.01 3.9 1.00
40 1272 83 1.00 3.7 1.00
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Table S2.3 Parameters obtained from statistical analysis of contour area measurements for
PFS23[PPh.Me]SDS platelet micelles formed through seeded growth from PFSz-b-P2VPsgs 1D

micelles (L, =26 nm, Lw/L, = 1.19) in iPrOH at 0.01 wt% and various Mynimer/ Mseed.

Munimer/Mseed A, (x10°nm?) | o (x 102 nm?) Aw/An Rn Rw/Rn
5 173 21 1.01 4.7 1.02
10 320 56 1.03 51 1.02
20 633 63 1.01 4.0 1.01
30 952 88 1.01 3.5 1.01
40 1219 130 1.01 3.5 1.02

Table S2.4 Parameters obtained from statistical analysis of contour area measurements for
PFS23[PPh.Me]AOT platelet micelles formed through seeded growth from PFS2-b-P2VP3ss 1D

micelles (L, =26 nm, Lu/L, = 1.19) in iPrOH at 0.01 wt% and various Mynimer/ Mseed.

Munimer/Mseed | An (X 102 nmM?) | o (x 10> Nm?) Au/An Rn Rw/Rn
5 289 32 1.01 3.8 1.01
10 319 29 1.01 3.5 1.01
20 702 82 1.01 3.0 1.01
30 829 65 1.01 3.3 1.01
40 1373 123 1.01 2.7 1.00
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Table S2.5 Parameters obtained from statistical analysis of contour area measurements for
PFSas[PPh.Me]l platelet micelles formed through seeded growth from PFS2-b-P2VPsgs 1D
micelles (L, =26 nm, Lw/L,=1.19) in iPrOH. All experiments were carried out at room temperature

(22 OC) and a Mynimer/Mseeq OF 10.

wt% An (x 102nm?) | o (x 102 nm?) An/An Rn Rw/Rn
0.01 342 34 1.01 41 1.01
0.1 327 63 1.04 34 1.02
0.2 342 102 1.09 3.3 1.02
0.3 415 98 1.06 3.7 1.02
0.4 - - - - -

Table S2.6 Parameters obtained from statistical analysis of contour area measurements for
PFS23[PPh.Me]SDS platelet micelles formed through seeded growth from PFSzs-b-P2VPsgs 1D
micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH. All experiments were carried out at room temperature

(22 OC) and a munimer/mseed Of 10

wt% An (x10°nm?) | o (x 10> nm?) An/An Rn Rw/Rn
0.01 320 56 1.03 51 1.02
0.1 321 69 1.05 3.0 1.02
0.2 325 87 1.07 3.7 1.02
0.3 389 115 1.09 4.9 1.03
0.4 821 400 1.24 10.0 1.09
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Table S2.7 Parameters obtained from statistical analysis of contour area measurements for
PFS23[PPh.Me]AOT platelet micelles formed through seeded growth from PFS2s-b-P2VP3g. 1D
micelles (L, =26 nm, Lw/L,=1.19) in iPrOH. All experiments were carried out at room temperature

(22 OC) and a Mynimer/Mseeq OF 10.

wt% An (x 102nm?) | o (x 102 nm?) An/An Rn Rw/Rn
0.01 319 32 1.01 3.5 1.01
0.1 303 73 1.06 3.6 1.02
0.2 300 75 1.06 3.5 1.02
0.3 330 74 1.05 4.0 1.03
0.4 - - - - -

Table S2.8 Parameters obtained from statistical analysis of contour area measurements for PFSzo-
b-P2VP1q platelet micelles formed through seeded growth from PFSz4-b-P2VP3s4 1D micelles (L
= 26 nm, Lw/L, = 1.19) in iPrOH. All experiments were carried out at room temperature (22 °C)

and a munimer/mseed Of 10

wt% An (x10°nm?) | o (x 10> nm?) An/An Rn Rw/Rn
0.01 84 19 1.05 4.6 1.04
0.1 94 24 1.07 5.8 1.05
0.2 81 27 111 6.2 1.07
0.3 84 38 1.20 6.4 1.08
0.4 197 70 1.13 6.8 1.05
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Table S2.9 Average apparent hydrodynamic radii (Ru,app) for PFS23[PPh,Me]X platelet micelles

formed through seeded growth from PFS24-b-P2VP3s4 1D micelles (L, = 26 nm, Lw/L, = 1.19) in

iPrOH. All self-assembly experiments were carried out at room temperature (22°C) and a

Munimer/Mseed OF 10. Values are calculated from five repeat scattering experiments.

PFS23[PPh.Me]l PFS23[PPh,Me]SDS PFS23[PPh.Me]AOT
wt% Ru,app (NM) o (nm) Ru,app (NM) o (nm) Ru.app (M) 6 (nm)
0.1 2127 743 2312 600 3274 432
0.2 2233 340 2390 634 2229 396
0.3 1162 417 3991 939 2618 158
0.4 270 160 1081 57 2314 273

Table S2.10 Number-average length (L.) (obtained from statistical analysis of contour length) for

PFSa3[PPh.Me]X platelet micelles formed through seeded growth from PFSz4-b-P2VP3ss 1D

micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH. All self-assembly experiments were carried out at

room temperature (22 °C) and a Munimer/Mseeq OF 10.

PFS23[PPh,Me]l PFS23[PPh,Me]SDS PFS23[PPh.Me]AOCT
wt% L» (nm) 6 (nm) L» (nm) 6 (nm) L» (nm) 6 (nm)
0.1 330 38 306 39 326 41
0.2 330 63 345 56 319 48
0.3 387 55 432 85 360 60

0.4 - - 881 297 - -
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Table S2.11 Parameters obtained from statistical analysis of contour area measurements for

PFSa3[PPh.Me]X platelet micelles formed through seeded growth from PFSz4-b-P2VP3ss 1D

micelles (L, = 26 nm, Lw/L, = 1.19) in iPrOH. Experiments were carried out at 40 °C and a

Munimer/Mseed OF 10.

Homopolymer An (x 102 nm?) 6 (x102nm?) | AwAn Rn Rw/Rn
PFS2s[PPh;Me]l - - - - -
PFS23[PPh,Me]SDS 554 188 1.12 4.6 1.02
PFS23[PPh.Me]AOT 543 168 1.10 45 1.03

2.6.7
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Chapter 3 Scalable, Low Dispersity, and Length-
Tunable Block Copolymer Nanofibers with a
Biodegradable Polycarbonate Core via Living
Polymerization-Induced Crystallization-Driven

Self-Assembly

3.1 Abstract

Uniform 1D block copolymer (BCP) nanofibers prepared by the seeded growth approach termed
living crystallization-driven self-assembly (CDSA) offer significant potential advantages for
various applications due to their anisotropy, length tunability, and spatially-defined
functionalization. However, this procedure consists of a multi-step process involving independent
BCP synthesis and self-assembly steps, the latter of which is performed at low solution
concentrations (< 1 wt%) hindering scale-up. Here, we demonstrate the use of a one-pot BCP
synthesis—self-assembly process, polymerization-induced CDSA (PI-CDSA), to access length-
disperse nanofibers with a biodegradable, crystalline poly(fluorenetrimethylenecarbonate)
(PFTMC) core and a hydrophilic poly(ethylene glycol) (PEG) corona derived from PEG-b-PFTMC
at concentrations up to 20 wt%, 400 times higher than previously reported. Furthermore, living PI-
CDSA could be used to access scalable, low dispersity, and length-tunable 1D PEG-b-PFTMC
nanofibers at concentrations of up to 10 wt%. This provides the first example of living PI-CDSA
involving an all-organic and biodegradable BCP and utilizing a readily implemented BCP synthesis
protocol that does not involve living anionic polymerization. Significantly, samples of low

dispersity nanofibers of controlled lengths from 100-660 nm (Lw/L, = 1.08-1.20) were prepared,
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allowing for upscaled access to well-defined biodegradable nanofibers at useful length-scales for

applications in nanomedicine.

3.2 Introduction

One-dimensional (1D) nanostructures formed from self-assembled block copolymers (BCPs) are
of interest for a wide range of applications, involving uses as additives for composite
reinforcement®2 to cancer therapeutics®>® and hydrogels® for biomedical applications.’®!! In the
field of nanomedicine, 1D micelles have been found to exhibit advantageous characteristics as
nanocarriers including enhanced circulation times,”®? retention,’*'* cellular uptake and
binding,>>8 and tumor penetration,®41° as well as exhibiting low immune cell association.®
However, the scale-up of 1D micelles remains a challenge due to two main issues associated with
their preparation. First, the formation of 1D micelles via the self-assembly of the most well-studied
BCPs which possess an amorphous core-forming block is challenging as spherical micelles and
vesicles generally dominate the phase diagram.?®?' As a result, morphologically pure 1D micelles
typically only exist in a narrow region of phase space, making them difficult to access.?>?2 Second,
BCP self-assembly is generally a multi-step process consisting of separate BCP synthesis,
purification, and self-assembly steps. The post-polymerization self-assembly step is usually
performed at low solution concentrations (< 1 weight percent solids (wt%)), which further hinders
scale-up. A further problem is that for most applications, control of 1D micelle length and the use
of low dispersity samples is highly desirable. Existing BCP self-assembly procedures with
amorphous core-forming blocks generally do not permit effective length control and yield highly
length-disperse samples.?®?! Notable recent developments, however, include a promising approach

using sonication.?

To manufacture BCP micelles on an industrial scale, a one-pot process carried out at high solution
concentration is highly desirable. Polymerization-induced self-assembly (PISA), in which

polymerization and self-assembly occur in situ at concentrations of 10-50 wt%, allows for the
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scaled-up preparation of BCP micelles.?2-?" PISA initially involves the synthesis of a macroinitiator
that will act as the corona in the resulting micelles. The second monomer is subsequently
macroinitiated in the presence of a selective solvent for the corona-forming block. As the degree
of polymerization (DP,) of the core-forming block increases, it progressively becomes more
insoluble in the selective solvent, resulting in self-assembly being induced.?® Therefore, PISA is
characterized by synchronous polymerization and self-assembly. Throughout the PISA process, the
micelle morphology typically evolves through a sphere—cylinder—vesicle transition, which usually
corresponds to changes in the corona-to-core block ratio during the polymerization.?®2° Generally,
PISA employs controlled radical polymerizations such as reversible addition-fragmentation chain
transfer (RAFT) polymerization?-2530-22 and nitroxide-mediated polymerization (NMP).?:3* These
techniques allow BCPs with controlled molecular weight and low dispersity to be accessed.?8353¢
Although PISA allows access to BCP micelles at high solution concentrations, the challenges of
exclusively targeting the 1D morphology and obtaining length-control and uniform samples still

remain.®’

The presence of a crystallizable core-forming segment in the BCP provides an additional driving
force for the formation of nanostructures with low curvature of the core—corona interface, such as
fiber-like micelles,? thereby overcoming the challenge of accessing 1D micelles. Crystallization-
driven self-assembly (CDSA) of BCPs with a crystallizable core-forming block therefore allows
for the facile preparation of morphologically pure 1D micelles or nanofibers.1%?1:3-41 Fyrthermore,
uniform nanofibers of targeted length can be accessed by the seeded growth method terming
“living” CDSA.*? First, small “seed” micelles which possess low length-dispersities are prepared
by ultrasonication and fragmentation of polydisperse nanofibers accessed via CDSA.*® The
crystalline core termini of the seeds remain active to epitaxial growth, thereby enabling elongation

of the nanofibers on addition of molecularly dissolved BCP or “unimer”.>#4 The resulting uniform
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1D micelles possess narrow length-dispersities and specific fiber lengths can be targeted by simply

varying the unimer-to-seed mass ratio (Munimer/Mseed).*?

Living CDSA3%458 has been employed for a variety of amphiphilic BCPs with crystallizable core-
forming segments such as poly(ferrocenyldimethylsilane) (PFS),?%%? polyethylene,**® poly(L-
lactide) (PLLA),*%52 and poly(3-hexylthiophene).®®53%* More recent work has focused on
examples of interest for biomedical applications such as polycaprolactone,'®
poly(isopropyloxazoline),® poly(fluorenetrimethylenecarbonate) (PFTMC),%®%” in addition to
biopolymer-based building blocks that include polypeptides,®® DNA-polymer hybrids®® and
collagen triple helices.®® 1D micelles containing a PFTMC core segment are of significant interest
for biomedical applications due to their non-toxicity, biocompatibility, and biodegradability.6:57:61-
8 Recently, we illustrated the potential use of uniform 1D PFTMC-based nanofibers as drug
delivery vehicles by demonstrating their loading with hydrophobic cargo.>” Despite the promise of
PFTMC-based nanofibers for biomedical applications, these micelles have only been accessible by
living CDSA at low solution concentrations (< 1 wt%), in turn hindering their investigation and

development of applications.

We have previously reported a method termed polymerization-induced crystallization-driven self-
assembly (PI-CDSA) whereby polymerization and self-assembly of a BCP with a crystallizable
core-forming block occurs in situ.t4% PI-CDSA therefore combines the advantages of CDSA (i.e.
targeting low-curvature micelle morphology) with that of PISA (i.e. scale-up capability).®*®® The
first examples of PI-CDSA employed the metallopolymer PFS as the crystalline core-forming
segment in BCPs prepared via living anionic polymerization,®® since PFS is an extensively
studied model system for CDSA protocols. Several similar one-pot approaches have since been
developed by employing various polymerization techniques, including the ring-opening metathesis
PI-CDSA (ROMPI-CDSA) of a ruthenocene-containing polymer,®® ring-opening PI-CDSA (ROPI-

CDSA) of BCPs with a PLLA core-forming segment,®” and polymerization-induced hierarchical
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self-assembly (PIHSA) of liquid crystal-containing polymers.®3®° Although these methods target
exclusively morphologies with low curvature of the core—corona interface such as 1D fibers, they

lack size-control and therefore uniform samples with specific fiber lengths cannot be accessed.

Uniform 1D micelles of controlled length can be accessed at scalable concentrations via the seeded
growth process living PI-CDSA.%4% This one-pot technique combines the advantages of PISA with
living CDSA to access uniform length-controlled 1D nanostructures at 10 wt% through
synchronous polymerization, self-assembly, and seeded growth.®#% The only examples of living
PI-CDSA to date, however, utilize PFS-based BCPs prepared via the challenging to implement
living anionic polymerization approach and the resulting nanofibers are primarily of interest for
proof-of-concept self-assembly studies.5#% Recent approaches in which seeds are thermally

generated in situ have been developed to allow the scaled formation of nanofibers with a PFS core.”

Herein, we demonstrate the scope of living PI-CDSA can be extended to functional, all-organic
BCPs. Specifically, we describe the use of living PI-CDSA to access scalable low dispersity
nanofibers with a crystalline biodegradable PFTMC core and a hydrophilic “stealth” poly(ethylene
glycol) (PEG) corona. Significantly, the corresponding PEG-b-PFTMC BCP building block can be
prepared in situ via a convenient ring-opening polymerization (ROP) method from readily
accessible precursors. We also demonstrate that the resulting upscaled biodegradable PFTMC-

based nanofibers can be formed over a range of lengths useful for applications in nanomedicine.

3.3 Results and Discussion

3.3.1 Preparation of polydisperse PEG2os-b-PFTMC, fibers via PI-CDSA

at various concentrations (5-20 wt%o)

PI-CDSA experiments were performed using poly(ethylene glycol) methyl ether (PEGaes) to
macroinitiate the ROP of the cyclic fluorenetrimethylenecarbonate (FTMC) monomer, using 1,8-

diazabicyclo[5.4.0Jundec-7-ene (DBU) as the ROP catalyst.>® As per the criteria of the PI-CDSA
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process,%¢ using a solvent system in which the PEG,0s corona-forming block remains soluble was
essential. The same solvent system must also be a poor solvent for the PFTMC core-forming block
as the DP, increases, in order to induce self-assembly and crystallization.®*% The CDSA of PEG-
b-PFTMC has previously been reported using dimethyl sulfoxide (DMSO) and methanol (MeOH)
as the common and selective solvents, respectively.>® However, since the polymerization and self-
assembly occur in situ during the PI-CDSA process, experiments must proceed in the absence of
water to avoid premature quenching. Furthermore, nucleophilic alcohol species, such as methanol,
can initiate the ROP of FTMC thereby compromising the controlled polymerization process. It was
therefore required that aprotic solvents were selected for the PI-CDSA experiments. A solvent
screen was therefore performed using PEG2es and a representative PFTMCis homopolymer to
determine an appropriate solvent system. Dichloromethane (DCM) was found to dissolve both
homopolymers and was therefore selected as the common solvent. PFTMCis was found to be
insoluble in acetonitrile (MeCN), whereas PEG2gs dissolved. MeCN was therefore chosen to be the
selective solvent. PI-CDSA experiments were carried out at solution concentrations of 5, 10, 15,
and 20 wt% solids (corresponding to 47, 99, 158, and 224 mg/mL). These self-assembly
concentrations are significantly higher than those used in previous studies of the CDSA of PFTMC-
based BCPs which were typically performed at ca. 0.06 wt% (0.5 mg/mL).%® Due to the in situ
nature of the PI-CDSA process, there were no isolation or purification steps performed on the BCPs
before self-assembly. First, the commercially available PEG20s macroinitiator was characterized by
gel permeation chromatography (GPC) (Figure S3.1 and Table S3.1) and was found to possess a
number-average molecular weight (M,) of 9,030 Da and a molecular weight dispersity (Mw/M,) of

1.10. The DP, of PEG was calculated as 205 from the M, value obtained by GPC analysis.

The PEGas macroinitiator and DBU ROP catalyst were dissolved in MeCN and to this was added
FTMC monomer dissolved in DCM/MeCN (Scheme 3.1 and Figure S3.2) at room temperature

(22 °C), making up a final solvent composition of 20 vol% DCM/MeCN and a solution
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concentration of 5, 10, 15, or 20 wt%. PFTMC core-forming blocks with a DP,, of either 40 or 18
were targeted, to give a corona-to-core block ratio of 5:1 or 11:1, respectively (Figure S3.1 and
Table S3.1). To monitor the PI-CDSA process and determine if synchronous polymerization and
self-assembly occur, we characterized the BCP structure (via *H NMR) and micelle morphology

(via TEM) throughout the process; the results are discussed below.
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Scheme 3.1 Schematic representation of the preparation of polydisperse PEG2es-b-PFTMC,
fibers (target DP, = 40 or 18, target block ratio = 5:1 or 11:1) (a) by sequential polymerization
followed by multi-step post-polymerization processing and (b) CDSA at low concentrations (ca.
0.06 wt% or 0.5 mg/mL) versus (c) by the one-pot PI-CDSA process in 20 vol% DCM/MeCN
at high percentage solids of up to 20 wt% (224 mg/mL). DBU was used as the ROP catalyst. In

the polymerization (a), benzoic acid was used as the quenching agent.

3311 Effect of concentration on FTMC polymerization kinetics

PEGa0s-b-PFTMC, with targeted corona-to-core block ratios of 5:1 and 11:1 (target DP, = 40 or
18, respectively) were prepared by PI-CDSA (Scheme 3.1, Figure S3.1, and Table S3.1) at 5-

20 wt% and 22 °C in 20 vol% DCM/MeCN. In both instances, FTMC monomer conversion at 1,

122



Chapter 3

2, and 48 h after macroinitiation was calculated via *H NMR by comparing the integrals of the

singlet (4.57 ppm) with that of the multiplet (4.52—-4.15 ppm) which correspond to the monomeric

and polymeric CH,O protons, respectively (Figures 3.1 and S3.3, and Table S3.2).566 The final

DP, of the PFTMC core-forming block of each BCP was then calculated based on the monomer

conversions at each time interval (Table S3.2). The calculated PFTMC DP, and block ratios of

each BCP corresponding to 1, 2, and 48 h after macroinitiation are shown in Tables S3.3 and S3.4.
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Figure 3.1 The effect of concentration on FTMC monomer conversion during the (a) PEGos-

macroinitiated ROP in the PI-CDSA of PEG2s-b-PFTMC, in 20 vol% DCM/MeCN at 5-

20 wt%, targeting a final block ratio of (b) 5:1 or (c) 11:1. Data was obtained from *H NMR

integration.

In all cases the PFTMC polymerization appeared to be complete within 1 h, as there was no

significant change in PFTMC DP, or corona-to-core block ratio beyond this time interval (Figure

3.1and Tables S3.3 and S3.4). The only exception to this was observed at a target DP,, of 40 (target

block ratio = 5:1) at 5 wt% (Figure 3.1b). As expected, higher solution concentration was found

to favour increased monomer conversion (Table S3.2). For the targeted block ratio of 5:1, FTMC
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conversion at 5 wt% was also monitored after a total of 9 days and was determined to be only 69%
(DP, = 15, block ratio = 14:1). This value was significantly lower than any monomer conversion
observed at the other concentrations studied (Figure 3.1b, c) and may be attributed to ring—chain
equilibrium effects that are well-known for other low-ring-strain monomers employed in

ROPS.61,71—73
3.3.1.2 Effect of concentration on PEGz20s-b-PFTMCn micelle morphology

The micelle morphology for the PEGzos-b-PFTMC, BCPs formed in situ was monitored at 1, 2, and
48 h after macroinitiation of the ROP of the FTMC monomer by taking small aliquots of the
solution and immediately spotting onto carbon-coated copper grids for analysis by TEM. The
samples were then stained by drop-casting uranyl acetate (3 wt% in ethanol) immediately after
sample spotting. The samples were imaged by TEM after solvent evaporation. Uranyl acetate stain
was used to increase the contrast of the low electron density PEGzgs-b-PFTMC, micelles relative
to the carbon film substrate, allowing for facile visualization of the nanostructures. The micelle
cores appear bright against a dark background when stained and imaged by TEM, since uranyl

acetate does not penetrate the core.®

The morphologies for the PEGs-b-PFTMC, BCPs (target block ratio = 5:1, target DP, = 40)
observed throughout the PI-CDSA process are shown in Figure 3.2. At a lower concentration of
5 wt%, self-assembly was not complete until 48 h (Figure 3.2¢). This is likely due to the decreased
polymerization rate at this concentration (see above) resulting in low DP, values for the PFTMC
core-forming block (Table S3.3) and high block ratios (Table S3.4). At 1 and 2 h after
macroinitiation, these DP, values (4 and 7, respectively) are likely below the critical DP, at which
we would expect self-assembly to be induced at this concentration. At higher concentrations of 10—
20 wt%, self-assembly was complete within 1 h of macroinitiation (Figure 3.2d, g, j) yielding a
mixture of spherical and fiber-like micelles. The formation of spheres has been previously detected

with PFTMC-containing BCPs and has been attributed to self-assembly that takes place too fast to
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allow for core crystallization.*® Higher solution concentrations would also be expected to increase
the rate of self-assembly since aggregation of the amphiphilic PEG20s-b-PFTMC,, BCP should be

favoured to a greater extent,’* which is also consistent with our results.

1h 2h 48 h

5 wt%

10 wt%

15 wt%

20 wt%

Figure 3.2 Representative TEM images of PEGags-b-PFTMC, micelles (target DP, = 40, target
block ratio = 5:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at (a)-(c) 5 wt%, (d)—(f)
10 wit%, (g)—(i) 15 wt%, or (j)—(1) 20 wt%, observed at 1, 2, or 48 h after macroinitiation. Higher
magnification insets of (d) and (e) show intermediate morphology, with red box indicating

location of inset. Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate
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solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bars: (a)—(h), (j)—(I)

500 nm, (d, ) inset: 100 nm, (i) 1000 nm.

At 10-20 wt%, morphologically pure fibers were obtained after 48 h through a sphere-to-fiber
transition (Figure 3.2f, i, ). At 5 wt%, the rate of core crystallization appears to be slower, with
morphologically pure fibers obtained only after 9 days (Figure S3.4). Again, this is likely due to
the significantly lower PFTMC DP, exhibited at 5 wt% (DP, = 14, block ratio = 15:1) compared
with that at higher concentrations (DP, = 34-38, block ratio = ca. 5:1) (Tables S3.3 and S3.4).
Interestingly, the DP, of PFTMC after 9 days was found to be 15, an increase of only one monomer
unit (and no significant change in block ratio) compared to that after 48 h, yet morphologically pure
1D fibers were observed rather than a mixture with spheres (Figure S3.4). This result suggests that
the polymerization and self-assembly are not coupled during the PI-CDSA process (i.e. the micelle
morphology is not necessarily determined by the block ratio) as is usually found to be the case in

BCP self-assembly.®

Interestingly, potential intermediate morphologies arising during the sphere-to-fiber transition were
observed in several instances. For example, in the cases of 1 and 2 h after macroinitiation at 10 wt%
the presence of several elongated structures that appear to consist of fused spheres can be detected
(Figure 3.2d and e). Size analysis was performed on these assemblies to determine their number-
average width (W,) in comparison with the number-average diameter (D) of the spherical micelles
and the W, of the final fiber-like micelles. After 1 and 2 h, the spherical micelles exhibited
diameters of D, = 6.0 £ 1.2 nm (Dw/D: = 1.04) (Figure 3.2d) and D, = 6.5 £ 1.1 nm (Dw/Dy = 1.03)
(Figure 3.2e), respectively. The corresponding intermediate morphologies exhibit slightly larger
widths (W, =7.7 £ 0.2 nm , Ww/W, = 1.04, Figure 3.2d; W, =7.2 £ 0.2 nm, W./W, = 1.05, Figure
3.2¢), which were in turn smaller than the that for the nanofibers after 48 h (12 + 2 nm, Ww/W, =
1.03, Figure 3.2f) by TEM. The possible intermediate morphologies were also observed after 1

and 2 h of macroinitiation at 15 and 20 wt% (Figure 3.2g, h, j, and k). These observations may
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provide insight into the mechanism of the detected morphological sphere-to-nanofiber transition.
This process is presumably driven by the reorganization of amorphous PFTMC core chains into
thermodynamically preferred 1D fiber-like morphology with a crystalline core. The mechanism
may involve the fused sphere assemblies as intermediates and unimer release into solution may

also take place.%"5-"8

The morphologies of PEGes-b-PFTMC, (target block ratio of 11:1, target DP, = 18) observed
throughout the PI-CDSA process are shown in Figure 3.3. For example, at 5 wt%, self-assembly
appears to be absent (Figure 3.3a—c), likely resulting from the increased solubility of PEGgs-b-
PFTMC, in these experiments (observed block ratios ca. 20:1, Table S3.4) combined with the
lower solution concentration. To investigate whether unimer remained under these conditions and
led to the observed TEM images (Figure 3.3a—c), we prepared a unimer solution (in DCM) of an
independently prepared BCP, PEGaps-b-PFTMC37, and compared images of the resulting films after
solvent evaporation (Figure S3.5). Through visual comparison, it appears that unimer film and
spherical micelles form on solvent evaporation of the samples from the PI-CDSA experiments
(Figure 3.3a—) thereby confirming that self-assembly is absent under these conditions. At 10 wt%,
self-assembly is complete after 2 h (Figure 3.3e) whereas at a decreased target block ratio of 5:1,
self-assembly was complete within 1 h (Figure 3.2d). The decreased rate of self-assembly
exhibited at the larger corona-to-core block ratio of 11:1 can be explained by the resulting improved

solubility of the PEG20s-b-PFTMC,, BCP (observed block ratio ca. 19:1, Table S3.4).
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1h 2h 48 h

5 wt%

10 wt%

15 wt%

20 wt%

Figure 3.3 Representative TEM images of PEGags-b-PFTMC, micelles (target DP, = 18, target
block ratio = 11:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at (a)—(c) 5 wt%, (d)—(f)
10 wt%, (9)—(i) 15 wt%, or (j)—(I) 20 wt%, observed at 1, 2, or 48 h after macroinitiation.
Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution (3 wt% in
ethanol), and imaged after solvent evaporation. Scale bars: (a, d) 1000 nm, (b, c) and (e)—(I)

500 nm.

At a target corona-to-core block ratio of 11:1, we again observed a general increase in the rate of

self-assembly with increased concentration. For instance, self-assembly was complete within 2 h
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at 10 wt% (Figure 3.3e) and within 1 h at 15 and 20 wt% (Figure 3.3g and j). After 48 h following
macroinitiation, morphologically pure fibers were formed at concentrations of 10-20 wt% (Figure
3.3f, i, and I) whereas at 5wt%, no self-assembly was detected, as discussed above. These
observations provide further support for the conclusion that the self-assembly of PEGzgs-b-PFTMC,
was not coupled to the polymerization, since similar block ratios within the range of 17:1-21:1
were found at 5-20 wt% after 48 h (Table S3.4). This range of block ratios has been shown to
correspond to the formation of fibers in previous CDSA experiments,®® yet, in this work, we
observed the presence of spheres and/or fibers, or a complete lack of self-assembly, depending on
the time following the macroinitiation step. Concentration therefore appears to play a crucial role,

affecting the polymerization rate, which in turn affects the rate of self-assembly.

The sphere-to-fiber morphological evolution was also observed at this target block ratio of 11:1.
However, morphologically pure spheres were initially observed rather than a mixture of
morphologies as detected at a target block ratio of 5:1. These results suggest that, under these
conditions of a larger target and observed block ratio (11:1), the sphere-to-fiber evolution occurs
more slowly. A “break out” mechanism has previously been proposed whereby spherical
aggregates occasionally form a single localized crystalline domain which is subsequently elongated
via epitaxial growth.”””® The amorphous core of the spherical micelles may be penetrated by the
solvent to assist the onset of crystallization and therefore the formation of nucleation sites.”” The
remaining spherical micelles could then act as a unimer reservoir to allow for 1D fiber elongation.
Since the 1D fibers are generally long (> 2 um), we conclude that nucleation events are rare with a
very slow associated rate. The apparent intermediate fused sphere morphology between that of
spheres and fibers was also observed in the case of the targeted 11:1 block ratio, after 2 h at 10 wt%

(Figure 3.3e) and after both 1 and 2 h at 15 and 20 wt% (Figure 3.3g, h, j, and k).

Under all conditions studied, the PI-CDSA solutions were initially transparent since the PEGaos

macroinitiator and FTMC monomer were fully dissolved. As the PI-CDSA proceeded, the solutions
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generally became more turbid, with increasing concentrations yielding viscous solutions (Figures
S3.6 and S3.7). One exception was observed when a block ratio of 11:1 was targeted at 5 wt%,
since the solution viscosity or opacity did not notably increase after 48 h (Figure S3.7a). This is
likely due to the lack of self-assembly, as shown in Figure 3.3c. The increased viscosity of the PI-
CDSA solutions generally correlated to the presence of fibers, which is likely due to their high
aspect ratio and anisotropic shape.® Formation of polydisperse fiber-like micelles at a target block
ratio of 11:1 and a concentration of 10 wt% was deemed to be optimal since the viscous solution
was easy to process further, for example to prepare seed micelles via sonication (see below). At
higher concentrations, the solutions became significantly more turbid, likely due to precipitated
nanofibers resulting from the presence of only small volumes of solvent, which prevented facile

processing and efficient sonication.

3.3.2 Preparation of PEG2os-b-PFTMCi7 seed micelles (Ln = 39 nm) at

10 wt% via PI-CDSA and subsequent sonication

To explore the formation of scalable uniform 1D nanofibers via living PI-CDSA, our attention first
turned to preparing low dispersity seed micelles for use in the seeded growth process. Typically,
seed micelles are prepared at low concentrations of ca. 0.06 wt% (0.5 mg/mL) via sonication. In
previous attempts to scale-up seeded growth processes, a BCP was first synthesized and then
purified before self-assembly and sonication were performed (at ca. 0.6 wt% or 5 mg/mL).648581
As the scaled-up preparation of seed micelles by PI-CDSA followed by sonication was unexplored,

we performed experiments to develop this potentially highly advantageous approach.

Polydisperse 1D fibers were prepared by PI-CDSA at 10 wt% (Figure 3.4a) as previously
described, with the final BCP structure determined to be PEG20s-b-PFTMC7 by *H NMR (Figure
S3.8). The fibers were sonicated at 10 °C and the fiber length (L,) and width (W) were monitored
as a function of sonication time from 15 min to 6 h (Figures 3.4, S3.9 and S3.10, and Table S3.5).

Fragmentation of PEGaes-b-PFTMCi7 1D micelles was found to depend strongly on the micelle
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length, with scission of longer fiber-like micelles occurring more easily than that of short micelles
(Figure S3.9), as has been previously been observed for PFS-containing 1D micelles.*® After a
total sonication time of 6 h at 10 °C, uniform PEG.0s-b-PFTMC37 seed micelles (L, = 39 nm, Lu/Lx
=1.18) at 10 wt% were accessed (Figures 3.4b and S3.9f). Fragmentation of the long polydisperse
fibers resulted in a reduction of solution viscosity, likely due to the reduced fiber length and
therefore aspect ratio. The 1D fiber number-average width (W,) was found to remain constant
within standard deviation at ca. 16-18 nm (determined by TEM analysis) throughout the sonication
process (Figure S3.10). However, closer inspection shows two populations of seed micelle as a
result of the micelles, which exhibit a rectangular cross-section,* lying on the TEM grid either on
their largest face or on their narrower edge. The two widths are centered around ca. 18 and 26 nm

(Figure S3.11), with the majority of seeds lying on their narrower edge.

200 ) 400
Sonication time (min)

Figure 3.4 Representative TEM images of (a) polydisperse PEG20s-b-PFTMC7 fibers prepared
via PI-CDSA in 20 vol% DCM/MeCN at 10 wt% and (b) seed micelles prepared by sonication
of polydisperse PEG20s-b-PFTMC37 fibers for 6 h at 10 °C and 10 wt% (L, = 39 nm, Lu/L, =
1.18). (c) Plot illustrating dependence of PEG2es-b-PFTMC7 fiber L, on sonication time. Error
bars represent standard deviation of measured L,. Solution samples of 0.5 mg/mL were drop-
cast, stained with uranyl acetate solution (3wt% in ethanol), and imaged after solvent

evaporation. Scale bars: 500 nm.

The PEG20s5-b-PFTMCy7 seeds (L, = 39 nm, Lu/L, = 1.18) were stored in solution (20 vol%

DCM/MeCN) at 10 wt% under an inert atmosphere, as prepared. To investigate whether the seeds
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could be stored as a solid, an aliquot was taken, and the solvent was removed to dryness (Figure
S3.12a). After one week in the dry state, the seeds were re-dispersed in 20 vol% DCM/MeCN to a
final concentration of 10 wt% (Figure S3.12b). The length after drying and re-dispersing was found
to be L, = 37 nm (Lw/L, = 1.21), which is identical to that of the original seed (L, = 39 nm) within
experimental error. This result indicates that the PEG20s-b-PFTMC;7 seed micelles of this length

do not exhibit any irreversible aggregation on solvent removal.

On ageing of the seed solution for ca. 16 weeks, side-by-side fusion of micelles was observed by
TEM (Figure S3.13a). We attribute this to the absence of a purification step in the PI-CDSA
process, resulting in the presence of small quantities of PFTMC homopolymer which can fuse
micelles over time. A similar phenomenon has previously been observed whereby addition of a
PFS homopolymer was found to fuse together 1D micelles with a PFS core end-to-end.®? The
process is likely driven by the presence of common solvent (DCM) which acts to increase the
mobility of PFTMC segments, allowing for core chain rearrangement over time,” as well as the
high solution concentration making fusion events more probable.®* On sonication of the fused seeds
for 30 minat 10 °C (20 vol% DCM/MeCN), the structures could be fragmented to access individual
seeds (L, =40 nm, Lw/L, = 1.23) (Figure S3.13b) which are statistically comparable to the original

seed length (L, = 39 nm, Lw/L, = 1.18).

3.3.3 Preparation of scalable, low dispersity, and length-controlled

PEG20s-b-PFTMC,, nanofibers via living PI-CDSA

We explored the formation of uniform 1D nanofibers via living PI-CDSA from PEG2os-b-PFTMC17
seeds (Ln = 39nm, Lw/L, = 1.18) performed at 10 wt% (99 mg/mL) (Figure 3.5a). This
concentration is ca. 200-fold greater than that of the living CDSA of PFTMC-based BCPs which
is typically performed at ca. 0.06 wt% (0.5 mg/mL).%® A corona-to-core block ratio of 11:1
(PFTMC DP,, = 18) was targeted, and various unimer-to-seed mass ratios (Munimer/Mseed = 2, 5, 10,

15, 20, 30, and 40) were explored. First, PEG20s and DBU were dissolved in 20 vol% DCM/MeCN

132



Chapter 3

and to this was added a solution of FTMC monomer and PEG20s-b-PFTMC;7 seeds (L, =39 nm) in
20 vol% DCM/MeCN at 22 °C (Figure S3.14). The living PI-CDSA proceeded for 48 h before the
nanostructures were characterized by TEM (Figures 3.5b—g and S3.15). In the case of Munimer/Mseed
= 20 and 30, further ageing of the solution up to a total of 7 days was required due to the presence
of spherical micelles after 48 h (Figures 3.5f, g and S3.15a, b). The corresponding fiber contour

lengths (L) and histograms are shown in Table 3.1 and Figure S3.16.

x -
e w2

18 equiv. PEG,q5-b-PFTMC 7 Low dispersity
seeds PEG,5-b-PFTMC,; micelles

Figure 3.5 (a) Schematic representation of the preparation of low dispersity length-controlled
PEG205-b-PFTMC, nanofibers (target DP, = 18, target block ratio = 11:1) via living PI-CDSA
from PEG205-b-PFTMC;17 seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and
various Munimer/Mseed. DBU, 1,8-diazabicyclo[5.4.0]Jundec-7-ene, was used as the ROP catalyst.
(b—g) Representative TEM images of low dispersity length-controlled PEG2s-b-PFTMC,

nanofibers (target DP, = 18, target block ratio = 11:1) prepared via living PI-CDSA from
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PEG205-b-PFTMCy7 seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and
Munimer/Mseed Values of (b) 2, (¢) 5, (d) 10, (e) 15, (f) 20, and (g) 30. TEM images were obtained
after (b—e) 48 h or (f, g) 7 days. Solution samples of 0.5 mg/mL were drop-cast, stained with
uranyl acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bars

=500 nm.

Table 3.1 Contour length (L), standard deviation (o), and length-dispersity (Lw/L,) data
determined by TEM size analysis for the PEG2ps-b-PFTMC, nanofibers (target DP, = 18,
target block ratio = 11:1) prepared via living PI-CDSA from PEG2es-b-PFTMC;7 seed
micelles (Ln =39 nm, Lw/L, = 1.18) after 48 h (*or 7 days) in 20 vol% DCM/MeCN at 10 wt%

and various Muynimer/Mseed.

Munimer/Mseed
Seeds | 2 5 10 | 15 | 20¢ | 30 | 40
Trl‘jo(rr?rtriga' - 117 | 234 | 429 | 624 | 819 | 1209 | 1599
L (nm) 39 101 | 163 | 338 | 465 | 569 | 658 | 583
o (nm) 16 44 | 45 | 100 | 156 | 166 | 205 | 500
Lul/Ln 118 | 1.20 | 1.08 | 1.09 | 111 | 109 | 110 | 1.74

A linear relationship between nanofiber length (Ln) and Mynimer/Mseed Was established for Munimer/Mseed
< 30, allowing for the preparation of uniform PEG-b-PFTMC micelles of targeted lengths (L, =
101-658 nm) (Figures 3.6a and 3.5b—g). The theoretically predicted lengths based on the seed
micelles were within the 30 confidence level in the measured lengths (Table 3.1). L, values at
Munimer/Mseed < 30 Were found to be accurate within error of the seed L, measurements, (L, + ¢) and
(Ln — o), as shown in Figure 3.6b. Notably, micelles of length L, = 101 nm (Lw/L, = 1.20) and L,

=163 nm (Lw/Ln =1.08) could be prepared at Mynimer/Mseed = 2 Or 5 (Figure 3.5b and c), respectively.
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Particles that are < 200 nm in size are considered optimal for drug delivery applications, since
nanoparticles in this size regime are large enough to avoid renal and lymphatic clearance yet are
small enough to reduce toxicity and opsonization.>"12%6578 Therefore, the living PI-CDSA
protocol reported here allows significantly upscaled access to well-defined biodegradable

nanofibers at length-scales useful for applications in nanomedicine.
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Figure 3.6 (a) Plot illustrating the dependence of fiber length (L») on the Munimer/Mseea after 48 h
(Munimer/Mseed < 15) or 7 days (Munimer/Mseed = 20 0r 30). (b) Plot illustrating the dependence of fiber
length (L) on the Munimerd/Mseed at 2 < Munimer/Mseed < 40 after 48 h (blue) or 7 days (purple) overlaid
with theoretical L, values (grey). Grey area represents theoretical error in L, based on the upper
and lower standard deviation of the L, of the seed micelles, (L, + o) and (L, — o). Error bars

represent standard deviation of measured L.

At muime/Mseed < 15, there was no significant change in L, after ageing beyond 48 h, which is
consistent with the formation of morphologically pure fibers of similar length to the theoretical
value, indicating that all unimer had been consumed. At Munimed/Mseed = 20 and 30, however, a
mixture of fibers and spheres was observed after 48 h (Figure S3.15). The resultant nanofiber L,
value was found to be significantly lower than that of the predicted value (Figure 3.6b) in line with
unimer being consumed for spherical micelle formation. For example, at Munimer/Mseed = 30, the
predicted L, value was 1209 nm, yet fibers only of length L, = 507 nm (Lw/L, = 1.10) were obtained

after 48 h. The presence of spherical micelles indicated that the morphological evolution may be
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incomplete, since our investigation into the PI-CDSA of PEGzgs-b-PFMTC, demonstrated that
kinetically-trapped spheres form rapidly but then transition on ageing to form morphologically pure
fibers. The formation of spheres as a unimer reservoir would also decrease the unimer concentration
in solution, leading to a decreased overall rate of self-assembly.® The samples were therefore aged
for a total of 7 days. On ageing the solutions at Mynimer/Msecs = 20 and 30, morphologically pure
fibers with significantly increased L, values were obtained. Fibers of length L, = 569 nm (Lw/L, =
1.09) and L, = 658 nm (Lw/L, = 1.10) were formed at Munimer/Mseed Values of 20 and 30, respectively
(Figure 3.5f and g). The theoretical L, at these Munimer/Mseed Values lies within 36 confidence of that

of the measured L, after 7 days.

At Mynimer/Msees = 40, as well as sphere formation, we observed significantly shorter fiber-like
micelles present among the long fibers (Figures S3.15¢, S3.16h, and S3.17). This is consistent with
competitive self-nucleation of unimer under these conditions. This is expected at high Munimer/Mseed,
since an increased unimer concentration will increase the rate of self-nucleation.®* This means that
the rates of elongation (seeded growth) and self-nucleation become more comparable under these
conditions, resulting in compromised size-control which is reflected by the high length-dispersity
of Lw/L, = 1.74 exhibited by the fibers at Munimer/Mseed = 40 (Figure S3.16h). The low length-
dispersities and narrow distribution of contour lengths of fibers prepared at Munimer/Mseed = 20 and

30 suggest that self-nucleation events are negligible under these conditions (Figure S3.16f and g).

The living PI-CDSA of PEG205-b-PFTMC;, at Munimer/Mseed = 20 was then performed at an increased
temperature of 35 °C (rather than at 22 °C) with the aim of targeting morphologically pure
nanofibers after 48 h rather than a mixture with spheres. Increasing the temperature at which self-
assembly is performed would be expected to aid plasticization of the amorphous core of spherical
micelles and the crystallization-induced transition to nanofibers.” However, living PI-CDSA at
Munimer/Mseed = 20 at 35 °C still led to the formation of a mixture of spheres and nanofibers after 48 h

(Figure S3.18a), similar to the results at room temperature (Figure S3.15a). Interestingly, size
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analysis of the contour length L, demonstrated that the nanofibers prepared at 35 °C exhibited L, =
560 nm (Lw/L, = 1.10), which is longer than that obtained at 22 °C (L, =419 nm, Lw/L, = 1.11) after
48 h (Table S3.6). This could be a result of an increase in the rate of unimer exchange from the
amorphous spherical micelles into the solution at higher temperature, leading to an increased value
of Mynimer/Mseed. This would lead to an increased unimer concentration at 35 °C compared with that
at 22 °C, which would in turn increase fiber growth.®* After a total of 7 days, morphologically pure
fibers of L, = 545 nm (Lw/L, = 1.14) were obtained at 35 °C (Figure S3.18b), which were similar
to those obtained at 22 °C over the same time period (L, = 569 nm, Lw/Ln = 1.09, Figure 3.5f). This
result is consistent with the assertion that spherical micelles act as a unimer reservoir for the
formation of fibers.”” The lengths of fibers prepared at 35 °C after ageing for a total of 7 days were
the same as those prepared at room temperature within experimental error, with the latter exhibiting

a slightly lower dispersity in the length.

334 Comparison of the living PI-CDSA process with that of living CDSA

In the typical living CDSA protocol for PEG-b-PFTMC BCPs at 0.06 wt% in DMSO/MeOH, fibers
of lengths up to L, = 1600 nm can be obtained.*® In this work, the upper limit of nanofiber length
obtained via living PI-CDSA at 10 wt% was found to be L, = ca. 660 nm. To determine whether
the fiber L, in this work is limited by the solvent system (20 vol% DCM/MeCN), the solution
concentration (10 wt%), or by the in situ nature of living PI-CDSA itself, the self-assembly of a
comparable BCP, PEGygs-b-PFTMC19, was probed. PEG,os-b-PFTMC1g was prepared via the
DBU-catalyzed ROP of FTMC macroinitiated by PEG.os, as previously reported and described in

the supporting information (Figures $3.19 and S3.20).%¢

The living CDSA of PEGyps-b-PFTMCyg in 20 vol% DCM/MeCN was performed at 10 wi%,
22 °C, and high mynimer/Mseed (20-40) to probe the upper limit of fiber L, achievable in this solvent
system. In all cases, a mixture of nanofibers and spheres were obtained by living CDSA after 48 h

(Figure S3.21). Ageing of the samples for a total of 7 days, which allowed for a sphere-to-fiber
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morphological evolution in PI-CDSA experiments, led to no significant changes in the nanofiber-
to-sphere ratio. This suggests that the spherical micelles formed via living CDSA are significantly
more kinetically-trapped than those that formed via living PI-CDSA. Moreover, the nanofiber L
value was significantly reduced compared with that obtained via living PI-CDSA (Table S3.7),
consistent with spherical micelle formation consuming unimer. For example, after ageing the living
CDSA sample at Muimer/Mseed = 20 for 7 days, nanofibers of length L, = 242 nm (Lw/L, = 1.23) as
well as spherical micelles were obtained (Figure S3.22a, b). The corresponding living PI-CDSA
experiment under the same conditions yielded morphologically pure, lower dispersity fibers of
length L, = 569 nm (Lw/L, = 1.09) (Figure S3.22c). These results indicate that although spherical
micelles formed in the living PI-CDSA experiments act as a unimer reservoir (allowing for sphere-
to-fiber transition), those formed during the analogous living CDSA experiments remain

kinetically-trapped over the timescale studied (no observed sphere-to-fiber transition).

We next investigated the living CDSA of PEG2s-b-PFTMCy9 under dilute conditions to determine
the effect of concentration. Living CDSA of PEGz0s-b-PFTMC19 was performed at 0.06 wt% and
22 °C in 20 vol% DCM/MeCN and Mynimer/Mseed = 10. The same PEG20s-b-PFTMC17 seeds (Ln =
39nm) in 20vol% DCM/MeCN that were used in the living PI-CDSA were employed.
Interestingly, even under dilute conditions, a mixture of spheres and fibers were obtained via living
CDSA in 20 vol% DCM/MeCN (Figure S3.23). Morphologically pure PEG-b-PFTMC fibers are
known to form in 20 vol% DMSO/MeOH at the same concentration (0.06 wt%).%® This suggests
that DCM/MeCN is a poorer solvent combination for the living CDSA of PEG-b-PFTMC than
DMSO/MeOH. A poorer solvent combination will promote and favour the formation of kinetically-
trapped spheres over the crystallization-induced elongation of the PFTMC fiber core. Remarkably,
however, it should be noted that the analogous living PI-CDSA process in 20 vol% DCM/MeCN

at 10 wt% (ca. 170-fold more concentrated) yields morphologically pure fibers (Figure 3.5d).
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To confirm our postulate that 20 vol% DCM/MeCN is a poorer solvent system than 20 vol%
DMSO/MeOH for PEG-b-PFTMC, we investigated the CDSA of PEG,ps-b-PFTMCy in the
absence of preformed seeds under the typical dilute conditions (0.06 wt%). The CDSA was
performed by heating the solution of PEG2es-b-PFTMCy9 at 70 °C for 8 h, then ageing for 48 h to
allow the solution to cool to 22 °C before imaging via TEM. It was found that morphologically
pure polydisperse fibers could be obtained via the CDSA of PEG2gs-b-PFTMC1g at 0.06 wt% in
20 vol% DMSO/MeOH (Figure S3.24a). Using the same procedure in 20 vol% DCM/MeCN,
however, a mixture of fibers and spheres was formed (Figure S3.24b), further supporting the

conclusion that DCM/MeCN is a poorer quality solvent system for the BCP than DMSO/MeOH.

Although our results demonstrate that DCM/MeCN represents a relatively a poor solvent system
for PEG-b-PFTMC BCPs which does not promote morphologically pure fiber formation via CDSA
processes, remarkably PI-CDSA overcomes this limitation. A key difference between living CDSA
and PI-CDSA/living PI-CDSA is the molecular weight dispersity (Mw/M,) of the BCP which acts
as unimer, as well as the evolution of the unimer “concentration” throughout the process. In living
CDSA, the unimer is of low dispersity (lower Mw/M,, in this case Mw/M, = 1.09) and is rapidly
injected into the solution of seed micelles, causing the initial unimer concentration to be very high.
This high unimer concentration in a poorer quality solvent medium for the BCP is likely to favour
rapid formation of spherical micelles with an amorphous core. In PI-CDSA/living PI-CDSA, on
the other hand, the preparation of the BCP occurs in situ and the chains would be expected to grow
at slightly different rates resulting in significantly higher dispersities than for living
polymerizations, as was observed (Table S3.1, Mw/M, = 1.16-1.37). Moreover, in PI-CDSA/living
PI-CDSA the core chain length must reach a critical DP, before self-assembly is induced.?® It
would therefore be expected that in PI-CDSA/living PI-CDSA experiments only a small fraction
of the BCP formed at any instant would possess the substantial DP, value needed for the PFTMC

block for self-assembly to take place. As this would be rapidly consumed by seeded growth
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(involving seeds either formed in situ or preformed and added externally), the instantaneous
concentration of unimer primed for self-assembly would effectively be kept low. We postulate that
this favours fiber-like micelle formation by seeded growth rather than the formation of spheres with
an amorphous PFTMC core which would be expected in a poor solvent medium when the unimer

concentration is very high.

3.4 Summary

We report the preparation of 1D PEGzos-b-PFTMC, fibers by PI-CDSA at scalable concentrations
of 5-20 wt% as an extension of this technique to a biocompatible and biodegradable crystalline
core-forming block. Generally, the polymerization of FTMC was found to be complete within 1 h,
with increased concentrations favouring higher monomer conversion and increased rate of fiber
formation. Interestingly, all nanostructures prepared via PI-CDSA exhibited a sphere—
intermediate—fiber morphological evolution, providing evidence that PFTMC-based spherical
micelles act as unimer reservoir for the formation of 1D fibers. We also demonstrated that
performing PI-CDSA and subsequent sonication can be utilized as a facile upscaled preparation of

low dispersity seed micelles.

Furthermore, we report the seeded growth process, living PI-CDSA, to access low dispersity 1D
PEGa0s-b-PFTMC, with contour lengths of ca. 100-660 nm at 10 wt% solids. Anisotropic
biocompatible nanostructures within this length range are of particular interest for application in
nanomedicine. At higher muimel/Mseed Values, competitive spherical micelle formation as well as
self-nucleation events yielded mixed morphologies of spheres and fibers exhibiting high length-
dispersity. Living PI-CDSA was also compared with living CDSA, demonstrating key advantages

of the scalable one-pot in situ method described in this work over typical techniques.
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3.6 Supplementary Material

3.6.1 Materials and Methods

All reactions were performed in an MBraun 200B glovebox under a nitrogen atmosphere or using
standard Schlenk line techniques. Dichloromethane (DCM) was dried and de-oxygenated using an
MBraun Grubbs/Dow solvent purification system. Acetonitrile (MeCN) was dried over CaHa,
purified by distillation under reduced pressure, and stored over molecular sieves (3 A). All reagents
were purchased from Sigma-Aldrich, VWR, or Fisher Scientific and were used as received unless
otherwise noted. Methoxy PEG, 5 kDa, (PEGas) was purchased from Polymer Source. 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene (DBU) was dried over CaH; and purified by distillation under
reduced pressure. Spiro[fluorene-9,5’-[1,3]dioxin]-2-one (fluorenetrimethylenecarbonate, FTMC)
was synthesized according to the previously reported literature procedure.! PEGaos was dried via

vacuum desiccation over phosphorus pentoxide prior to use.

3.6.2 Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR spectra were obtained using a

Varian 500 MHz spectrometer.

Gel permeation chromatography (GPC). GPC was conducted using a Malvern Omnisec
Resolve/Reveal equipped with a triple detector array, automatic sampler, pump, injector, inline
degasser column oven (set at 35 °C), elution columns consisting of styrene/divinylbenzene gels (of
pore size 500 A-5,000 A), refractometer, four-capillary differential viscometer, UV/Vis detector
(A = 440 nm) and dual angle laser light scattering detector (7° and 90°). GPC grade THF with 1
wit% triethylamine was used as the eluent, with a set flow rate of 1 mL/min. Samples were dissolved
in THF at 1 mg/mL and filtered through a 0.2 pm polytetrafluoroethylene membrane prior to

analysis.
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Transmission electron microscopy (TEM). Copper grids (500 mesh) were purchased from Ted
Pella, Inc. and carbon films were prepared by using a Leica EM ACEG600 instrument. Carbon films
were deposited onto the copper grids by floatation on water and allowed to dry over 24 hours. Prior
to drop-casting PEG-b-PFTMC micelle samples, the copper grids were increased in hydrophilicity
by use of the glow discharge function on the Leica EM ACE600 instrument. Samples for electron
microscopy were prepared by drop-casting 8 pL of micelle colloidal solution onto a carbon-coated
copper grid followed by solvent evaporation. Samples were then stained by drop-casting 8 yL of a
20 wt% solution of uranyl acetate in ethanol. TEM images were obtained using a JEOL JEM 1011

operating at 80 kV, equipped with a Gatan Orius SC1000 CCD camera.

Measurements were undertaken by hand using ImageJ software, developed by the US National

Institute for Health.

The number-average length (L,) and weight-average length (Lw) were calculated according to the

following equations:

_ XN L _ XPNLE
YN YoOXENL;

The number-average width (W,) and weight-average width (W) were calculated according to the

following equations:

_ XN W - X7 W
YN Yo XENW;

A minimum of 100 micelles were measured for each data point. Errors displayed are standard

deviations of each data set.

Ultrasonication. Micelle sonication was carried out using a Fisherbrand FB11203 sonication bath.

The instrument was operated in sweep mode at 80% power and 37 kHz at 10 °C.
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3.6.3 Synthetic Procedures

3.6.3.1 Synthesis of PEG20s-b-PFTMCi19 by ROP

/Ovoﬁko o— "

In a glovebox under a nitrogen atmosphere, PEG20s (102 mg, 0.011 mmol, 1 equiv.) and DBU (1.3

M in DCM, 7.6 pL, 0.0102 mmol, 0.9 equiv.) were dissolved in anhydrous DCM (750 L) and
stirred for 15 min. To this was added FTMC (51 mg, 0.203 mmol, 18 equiv.) dissolved in
anhydrous DCM (750 puL) with rapid stirring. The reaction proceeded for 2 h before being
guenched with an excess of benzoic acid (4.3 pL, 0.045, 4 equiv.). The polymer was precipitated
three times in ice-cold diethyl ether and dried under vacuum to yield PEG2p5-b-PFTMCyg as a white
solid. *H NMR (Figure S20) was used to determine the DP, of the PFTMC segment as 19, by
comparing the integrals of the multiplet at 4.52-4.15 ppm, corresponding to the PFTMC CH,0

protons, with that of the multiplet at 3.80-3.32 ppm, corresponding to the PEG2gs backbone.

Yield: 111 mg (72%). *H NMR (500 MHz, CD,Cl,): & (ppm) = 7.89-7.18 (m, 151H, fluorene),
4.52-4.15 (m, 76H, CH.,OCOO), 3.80-3.32 (m, 820H, CH.CH0); M, (GPC) = 10,340 Da; Mw/M,

=1.09.
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3.6.4 Self-Assembly Procedures

3.6.4.1 Preparation of polydisperse PEG20s-b-PFTMCn micelles (target DPn = 40,
target block ratio = 5:1) via PI-CDSA at various concentrations (5-

20 Wt%)

In a glovebox under a nitrogen atmosphere, PEG2s (51 mg, 0.0056 mmol, 1 equiv.) and DBU (1.3
M in DCM, 3.8 pL, 0.005 mmol, 0.9 equiv.) were dissolved in the minimum amount of anhydrous
MeCN and stirred for 15 min. To this was added FTMC (57 mg, 0.224 mmol, 40 equiv.) dissolved
in anhydrous DCM and the remaining volume of MeCN required to make the appropriate
concentration. The monomer was added with rapid stirring. Immediately after monomer addition,

the stirring rate was reduced to 100 rpm to minimize breakage of self-assembled structures.
At time intervals of 1, 2, and 48 h after macroinitiation, aliquots of 5 pL and 75 pL were removed.

The aliquots of 5 uL were diluted to 0.5 mg/mL in 20 v/iv DCM/MeCN and immediately drop-cast
for analysis by TEM. The samples were then immediately stained with uranyl acetate (3 wt% in

ethanol).

The solvent was immediately removed from the aliquots of 75 pL using a flow of air. The samples

were redispersed in CD,Cl, for characterization by *H NMR spectroscopy.

3.6.4.2 Preparation of polydisperse PEG20s-b-PFTMCnh micelles (target DPn = 18,
target block ratio = 11:1) via PI-CDSA at various concentrations (5-

20 Wt%)

In a glovebox under a nitrogen atmosphere, PEG2s (51 mg, 0.0056 mmol, 1 equiv.) and DBU (1.3
M in DCM, 3.8 pL, 0.005 mmol, 0.9 equiv.) were dissolved in the minimum amount of anhydrous
MeCN and stirred for 15 min. To this was added FTMC (25 mg, 0.101 mmol, 18 equiv.) dissolved

in anhydrous DCM and the remaining volume of MeCN required to make the appropriate
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concentration. The monomer was added with rapid stirring. Immediately after monomer addition,

the stirring rate was reduced to 100 rpm to minimize breakage of self-assembled structures.
At time intervals of 1, 2, and 48 h after macroinitiation, aliquots of 5 pL and 75 pL were removed.

The aliquots of 5 pL were diluted to 0.5 mg/mL in 20 v/v DCM/MeCN and immediately drop-cast
for analysis by TEM. The samples were then immediately stained with uranyl acetate (3 wt% in

ethanol).

The solvent was immediately removed from the aliquots of 75 pL using a flow of air. The samples

were redispersed in CD2Cl, for characterization by *H NMR spectroscopy.

3.6.4.3 Preparation of PEG20s-b-PFTMCa7 seed micelles (Ln = 39 nm, Lw/Ln =

1.18) for the living PI-CDSA of PEG20s-b-PFTMCn

Polydisperse fibers were first prepared at 10 wt%, according to the experimental described above

(target DP, = 18, target block ratio = 11:1).

In a glovebox under a nitrogen atmosphere, PEG20s (99 mg, 0.011 mmol, 1 equiv.) and DBU (1.3
M in DCM, 7.4 uL, 0.0099 mmol, 0.9 equiv.) were dissolved in anhydrous MeCN (901 pL) and
stirred for 15 min. To this was added FTMC (50 mg, 0.198 mmol, 18 equiv.) dissolved in
anhydrous DCM (300 pL) and MeCN (300 pL). The monomer was added with rapid stirring.
Immediately after monomer addition, the stirring rate was reduced to 100 rpm to minimize

breakage of self-assembled structures.

After 48 h, fiber formation was confirmed by TEM analysis. The BCP structure was determined to
be PEG205-b-PFTMC17 by 'H NMR analysis in CD,Cl.. The polydisperse fibers were sonicated for

a total of 6 h at 10 °C to prepare small seed micelles (L, = 39 nm, Lu/L, = 1.18).
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3.6.4.4 Preparation of low dispersity PEGz20s-b-PFTMCn micelles via living PI-

CDSA at 10 wt%

In a glovebox under a nitrogen atmosphere, PEG2s (27 mg, 0.003 mmol, 1 equiv.) and DBU (1.3
M in DCM, 2.0 pL, 0.0027 mmol, 0.9 equiv.) were dissolved in 20 vol% DCM/MeCN and stirred
for 15 min. FTMC (14 mg, 0.054 mmol, 18 equiv.) was dissolved in the remaining volume of
20 vol% DCM/MeCN. To the FTMC in 20 vol% DCM/MeCN solution was added a volume of
PEG20s-b-PFTMC;7 seed micelle solutions (L, = 39 nm, Lw/L, = 1.18) in 20 vol% DCM/MeCN, to
make the appropriate Mynimer/Mseea. The monomer/seed solution was added to the PEG/DBU solution
with rapid stirring. Immediately after addition, the stirring rate was reduced to 100 rpm to minimize

breakage of self-assembled structures.
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3.6.5 Supplementary Figures
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Figure S3.1 GPC traces (refractive index) eluted in triethylamine/THF (1 vol%) at 1 mL/min
and 35 °C of PEGygs (red trace) and PEGaps-b-PFTMC, BCPs prepared via PI-CDSA at 5-
20 wt% and 48 h after macroinitiation, with (a) a target PFTMC DP, = 40 (target block ratio =
5:1) and (b) a target PFTMC DP, = 18 (target block ratio = 11:1). The y-axis reflects the

distribution of weight fractions of the polymer by molecular weight.

156



Chapter 3

r _— — >

|
1
|
1

1N /1N /\

48 h
ﬁ
FTMC monomer % fg
(DCM/ACN) f
k.
DBU-activated PEG Polydisperse 1D
(ACN) PEG-b-PFTMC micelles

Figure S3.2 Representation of the experimental procedure of the preparation of polydisperse
PEGg0s-b-PFTMC, fiber-like micelles via PI-CDSA at high percentage solids of up to 20 wt%
in 20 vol% DCM/MeCN. DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene, was used as the ROP

catalyst.
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Figure S3.3 Representative example of the use of *H NMR (500 MHz, CD.Cl.) to determine
FTMC monomer conversion throughout the PI-CDSA of PEGaes-b-PFTMC, in 20 vol%
DCM/MeCN at 5-20 wt%. FTMC monomer conversion at 1, 2, and 48 h after macroinitiation
was calculated via *H NMR by comparing the integrals of the singlet at 4.57 ppm (green) with
that of the multiplet at 4.52-4.15 ppm (red) which correspond to the monomeric and polymeric

CH.0 protons, respectively.
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Figure S3.4 Representative TEM image of PEGys-b-PFTMC, fibers (FTMC monomer
conversion = 69% PFTMC DP, = 15, block ratio = 13:1) prepared via PI-CDSA in 20 vol%
DCM/MeCN at 5 wt% after 9 days. A solution sample of 0.5 mg/mL was drop-cast, stained with
uranyl acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bar:

1000 nm.

(a) o

Figure S3.5 Representative TEM images of PEGags-b-PFTMC3;7 unimer solution (2.5 mg/mL in
DCM) demonstrating the formation of unimer film and spherical micelles on sample preparation
and solvent evaporation. Solution samples were drop-cast, stained with uranyl acetate solution

(3 wt% in ethanol), and imaged after solvent evaporation. Scale bars: 500 nm.
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Figure S3.6 Photos showing visual comparison of PEG.es-b-PFTMC, micelle solutions (target

DP, =40, target block ratio = 5:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at 5-20 wt%.

Figure S3.7 Photos showing visual comparison of PEG2gs-b-PFTMC, micelle solutions (target
DP, = 18, target block ratio = 11:1) prepared via PI-CDSA in 20 vol% DCM/MeCN at 5-

20 wt%.
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Figure S3.8 'H NMR (500 MHz, CD:Cl;) of PEGa0s-b-PFTMCy7 prepared via PI-CDSA in

20 vol% DCM/MeCN at 10 wt% for use as seed micelles in living PI-CDSA.
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Figure S3.9 Histograms of contour length distributions of PEG2es-b-PFTMC,; fiber-like
micelles. Polydisperse PEG2os-b-PFTMC17 micelles were sonicated at 10 °C and analyzed by

TEM at () 15, (b) 30, (c) 60, (d) 120, (€) 240, and (f) 360 min.
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Figure S3.10 Plot illustrating the independence of PEGs-b-PFTMC,7 fiber width (Wn) on
sonication time. Polydisperse PEG20s-b-PFTMC17 fibers were prepared via PI-CDSA in 20 vol%
DCM/MeCN at 10 wt%. Sonication of fibers was performed at 10 °C. Error bars represent

standard deviation of measured W,,.
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Figure S3.11 Histogram of contour width distribution of PEG20s-b-PFTMC7 fiber-like micelles

after sonication at 10 °C for 360 min.
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Figure S3.12 (a) Photo showing PEGes-b-PFTMC;7 seeds (Ln = 39 nm) after solvent
evaporation. (b) TEM image of PEG20s-b-PFTMC37 seed micelles (L, = 39 nm) after drying to
the solid state. A solution sample of 0.5 mg/mL (20 vol% DCM/MeCN) was drop-cast, stained
with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bar:

(a) 200 nm.

Figure S3.13 TEM image of PEGgs-b-PFTMC;7 seed micelles (L, = 39 nm) prepared at 10 wt%
in 20 vol% DCM/MeCN having (a) fused after ageing in solution for ca. 16 weeks and then (b)
re-fragmented after re-dispersion in 20 vol% DCM/MeCN and subsequent sonication for 30 min
at 10 °C (L» =40 = 19 nm). A solution sample of 0.5 mg/mL (20 vol% DCM/MeCN) was drop-
cast, stained with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent

evaporation. Scale bars: 200 nm.
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Figure S3.14 Representation of the experimental procedure of the preparation of low dispersity
PEGg0s-b-PFTMC, fiber-like micelles via living PI-CDSA at 10 wt% in 20 vol% DCM/MeCN
and various Mynimer/Msees. DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene, was used as the ROP

catalyst.

Figure S3.15 Representative TEM images of PEGzos-b-PFTMC, nanofibers (target DP, = 18,
target block ratio = 11:1) prepared via living PI-CDSA from PEG20s-b-PFTMC17 seed micelles
(Lh =39 nm) in 20 vol% DCM/MeCN at 10 wt% and mynimer/Mseed Values of (a) 20, (b) 30, and
(c) 40 after 48 h. Spherical micelle formation can be observed in each instance. Solution samples
of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution (3 wt% in ethanol), and

imaged after solvent evaporation. Scale bars: 500 nm.
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Figure S3.16 Histograms of contour length distributions of PEGzgs-b-PFTMC, nanofibers (target

DP, = 18, target block ratio = 11:1) prepared via living PI-CDSA from (a) PEG20s-b-PFTMCy7
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seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and Munimer/Mseed Values of (b) 2,

() 5, (d) 10, (e) 15, (f) 20, (g) 30, and (h) 40 after 48 h.

Figure S3.17 TEM image of PEG.ps-b-PFTMC, fibers (target DP, = 18, target block ratio =
11:1) prepared via living PI-CDSA from PEG20s-b-PFTMC37 seeds (L, = 39 nm) in 20 vol%
DCM/MeCN at 10 wt% and mynimer/Msees = 40 demonstrating the presence of short fibers which
provide evidence for competitive self-nucleation. A solution sample of 0.5 mg/mL was drop-
cast, stained with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent

evaporation. Scale bar: 1000 nm.

Figure S3.18 Representative TEM images of PEGzos-b-PFTMC, nanofibers (target DP, = 18,
target block ratio = 11:1) prepared via living PI-CDSA from PEG20s-b-PFTMC;7 seed micelles

(Lh =39 nm) in 20 vol% DCM/MeCN at 10 wt% and Mynimer/Mseed = 20 at 35 °C after (a) 48 h or
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(b) 7 days. Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution

(3 wt% in ethanol), and imaged after solvent evaporation. Scale bars: 500 nm.
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Figure S3.19 GPC trace (refractive index) eluted in triethylamine/THF (1 vol%) at 1 mL/min

and 35 °C of PEG20s-b-PFTMCy9 prepared via ROP.

/0150 205 I o 0 H
2L b, |
J[ *
a a

b "
a —— H c
J—‘I—| ‘ ‘,‘v‘\ ,l ‘
______)_"\_‘WJ'.'".#’M'-V-‘M\ N WA L -/ a
I ‘ T " 1
e0) o
o o o
— @© o
(p] wn (o]
- ~ ©
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5

5 (ppm)

Figure S3.20 *H NMR (500 MHz, CDCl,) of PEGzes-b-PFTMCys prepared via ROP in DCM.
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Figure S3.21 Representative TEM images of PEG2s-b-PFTMC g fibers prepared via (a—c) living
CDSA or (d-f) living PI-CDSA from PEGgyps-b-PFTMCy7 seeds (L, = 39 nm) in 20 vol%
DCM/MeCN at 10 wt% and munimer/Mseed Values of (a, d) 20, (b, e) 30, and (c, f) 40 after 48 h.
Solution samples of 0.5 mg/mL were drop-cast, stained with uranyl acetate solution (3 wt% in

ethanol), and imaged after solvent evaporation. Scale bars: 500 nm.

Figure S3.22 Representative TEM images of PEG2os-b-PFTMCys fibers prepared via (a, b) living

CDSA or (c¢) living PI-CDSA from PEGgyps-b-PFTMCy7 seeds (L, = 39 nm) in 20 vol%
DCM/MeCN at 10 wt% and munimel/Mseed = 20 after 7 days. Solution samples of 0.5 mg/mL were
drop-cast, stained with uranyl acetate solution (3 wt% in ethanol), and imaged after solvent

evaporation. Scale bars: (a) 1000 nm. (b, ¢) 500 nm.
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Figure S3.23 TEM image of PEGas-b-PFTMCyg fibers (Ln = 294 £ 90 nm, Lw/L, = 1.09)
prepared via living CDSA from PEG205-b-PFTMC17 seeds (L, = 39 nm) in 20 vol% DCM/MeCN
at 0.06 wt% and Munimer/Mseed = 10 after 48 h. A solution sample was drop-cast, stained with
uranyl acetate solution (3 wt% in ethanol), and imaged after solvent evaporation. Scale bar:

500 nm.

Figure S3.24 Representative TEM images of PEG20s-b-PFTMC19 nanostructures prepared via
CDSA at 0.06 wt% in (a) 20 vol% DMSO/MeOH or (b) 20 vol% DCM/MeCN. Scale bars:

500 nm.
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3.6.6 Supplementary Tables

Table S3.1 Molecular weight characterization data of PEG20s-b-PFTMC, BCPs prepared via Pl-

CDSA in 20 vol% DCM/MeCN at 5-20 wt% determined by GPC.

Target block ratio Concentration (wt%o) Mn (g/mol) Mw/Mn

PEG2os - 9,030 1.10
5 25,860 1.16
10 20,580 1.26

5:1
15 21,510 1.25
20 20,340 1.25
5 15,830 1.23
10 13,050 131

11:1
15 16,180 131
20 12,540 1.37
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Table S3.2 Summary of FTMC monomer conversion in the PI-CDSA of PEG2s-b-PFTMC, in
20 vol% DCM/MeCN at 5-20 wt% at 1, 2, and 48 h after macroinitiation determined by *H NMR.

(*Experiment repeated three times, yielding same result.)

FTMC monomer conversion

5* 18% 27% 58%

51 10 87% 91% 96%
(40) 15 91% 99% 99%
20 97% 99% 99%

5 92% 91% 91%

111 10 86% 89% 98%
(18) 15 81% 82% 97%
20 78% 82% 98%
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Table S3.3 Summary of PFTMC DP, in the PI-CDSA of PEGys-b-PFTMC, in 20 vol%
DCM/MeCN at 5-20 wt% at 1, 2, and 48 h after macroinitiation calculated using the corresponding
FTMC monomer conversions determined by *H NMR. (*Experiment repeated three times, yielding

same result.)

Calculated PFTMC DP,
ey | S | man | eman | s
5* 4 7 14
5:1 10 35 36 38
(40) 15 35 38 38
20 33 34 34
5 11 10 10
11:1 10 10 11 12
(18) 15 8 9 10
20 8 8 10
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Table S3.4 Summary of the PEG205:PFTMC,, block ratio in the PI-CDSA of PEG2s-b-PFTMC, in
20 vol% DCM/MeCN at 5-20 wt% at 1, 2, and 48 h after macroinitiation calculated using the

corresponding PFTMC DP,. (*Experiment repeated three times, yielding same result.)

PEG,e5:PFTMC, block ratio
Target block ratio i
9 Conceng/ratlon t=1h t=2h t=48h
(Target PFTMC DP,) (Wt%)
5* 51:1 20:1 15:1
51 10 6:1 6:1 5:1
(40) 15 6:1 5:1 5:1
20 6:1 6:1 6:1
5 19:1 21:1 21:1
111 10 21:1 19:1 17:1
(18) 15 26:1 23:1 21:1
20 26:1 26:1 21:1
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Table S3.5 Contour length (L) and width (W,) data determined by TEM size analysis of PEGzgs-
b-PFTMC.~ fibers at various sonication times. PEGzgs-b-PFTMC, fibers were prepared via PlI-

CDSA in 20 vol% DCM/MeCN at 10 wt%. Sonication of fibers was performed at 10 °C.

Sonication time (min) Ln (nm) o (nm) Whn (nm) o (nm)
15 85 43 16 5
30 67 34 17 4
60 58 29 17 6
120 49 21 18 5
240 40 21 17 5
360 39 16 18 5

Table S3.6 Contour length (L,), standard deviation (o), and length-dispersity (Lw/L.) data
determined by TEM size analysis for the PEG20s-b-PFTMC19 nanofibers prepared via living CDSA
from PEGg20s-b-PFTMCi7 seed micelles (Ln = 39 nm) in 20 vol% DCM/MeCN at 10 wt%,

Munimer/Mseed = 20, and either 22 or 35 °C after 48 h.

Temperature (°C) 22 35
Theoretical L, (nm) 819
Ln (nm) 419 560
o (nm) 137 179
Lw/Ln 1.11 1.10
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Table S3.7 Contour length (L.), standard deviation (o), and length-dispersity (Lw/L.) data
determined by TEM size analysis for the PEG20s-b-PFTMC19 nanofibers prepared via living CDSA
from PEG20s-b-PFTMCy7 seed micelles (L, = 39 nm) in 20 vol% DCM/MeCN at 10 wt% and

various Munimer/Mseed after 7 days (*or 48 h).

Munimer/ Mseed 20 30 40
Seeded growth Living | Living | Living | Living | |jying| Living
technique CDSA | pl-cDSA | CDSA | pi-cpsa | CDSA | pl-cDsSA
Theoretical L, (nm) 819 1209 1599

L» (nm) 242 569 372 658 323 583*

6 (nm) 116 166 191 205 150 500*

Lw/Ln 1.23 1.09 1.26 1.10 1.22 1.74*

3.6.7 Supplementary References

(1)  Venkataraman, S.; Hedrick, J. L.; Yang, Y. Y. Fluorene-Functionalized Aliphatic
Polycarbonates: Design, Synthesis and Aqueous Self-Assembly of Amphiphilic Block
Copolymers. Polym. Chem. 2014, 5 (6), 2035-2040.

176



Chapter 4

Chapter 4 Scalable Preparation of 1D Micelles
via Living Crystallization-Driven Self-Assembly

In Continuous Flow

4.1 Abstract

Living crystallization-driven self-assembly (CDSA) represents a robust route to access anisotropic
block copolymer-based nanostructures of controlled morphology and size, which exhibit low size-
dispersity. Consequently, one-dimensional (1D) cylindrical micelles prepared by living CDSA are
of interest for a diverse range of applications. Typically performed under dilute conditions, recent
efforts have focused on upscaling living CDSA by increasing the solution concentration at which
the process is performed. Here, we report the development of simple and cost-effective continuous
flow setups to prepare 1D polydisperse micelles, seeds, and low dispersity 1D micelles. This
approach allows for remarkably higher throughput of 1D micelles compared with that which is

feasibly achievable in batch.

4.2 Introduction

One-dimensional (1D) nanostructures formed from the self-assembly of block copolymers (BCPs)
are of great interest for potential applications in the areas of nanomedicine,® catalysis,®
rheological modifiers,'® and optoelectronics.!*** Crystallization-driven self-assembly (CDSA) of
BCPs containing a crystallizable core-forming block is a robust method of targeting the formation
of 1D cylindrical or two-dimensional (2D) platelet micelles. Compared with their amorphous
analogues, BCPs with a crystalline core-forming block favour the formation of nanostructures with
low curvature of the core—corona interface, due to the additional enthalpic contribution of

crystallization. The resulting morphology minimizes the core—non-solvent interfacial energy whilst
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also decreasing the entropic penalty of coronal chain stretching.}4-1® The rate of self-nucleation in
CDSA processes is typically much slower than that of the elongation step involving growth of
unimer to form the crystalline 1D micelle core. As a consequence, the micelles obtained are
generally polydisperse and lack size-control. Polydisperse micelles prepared by CDSA can be
sonicated, thereby fragmenting the nanostructures to access low aspect ratio seed micelles.
Crucially, the exposed crystalline core of the seed micelles remains active to epitaxial crystal

growth.Y’

Size-control of 1D and 2D BCP-based micelles can be achieved through the seeded growth process
termed “living” CDSA. In this case, molecular dissolved BCP (unimer) is added to pre-formed seed
micelles, which act as efficient initiators for elongation via epitaxial growth. Specific nanofiber
lengths or platelet areas can also be targeted by simply altering the mass ratio of unimer-to-seeds
(Munimer/Mseed). Through circumventing self-nucleation, low dispersity micelles with controlled
dimensions can therefore be accessed by living CDSA. Living CDSA has been demonstrated using
polymeric amphiphiles containing a variety of crystallizable segments, including
poly(ferrocenyldimethylsilane) (PFS),'®° polyethylene,® poly(3-hexylthiophene), poly and
oligo(p-phenylenevinylene),?% poly(L-lactide),?*?°> poly(e-caprolactone),??” polycarbonate,?
and poly(isopropyloxazoline).® Living CDSA is typically performed under dilute conditions to
minimize competitive self-nucleation events which would other compromise size-dispersity.
Limited examples of upscaled preparation of size-controlled 1D or 2D micelle have previously
been reported.t*2-3! This, in turn, limits the investigation and implementation of low dispersity

size-controlled micelles for their potential applications.

The living CDSA process can be considered analogous with living covalent polymerizations of
molecular monomers, where the rate of initiation is faster than that of propagation, and chain-
termination processes are absent.®? In recent years, the ability to obtain polymers which exhibit low

molecular weight dispersities by performing living anionic polymerization in continuous flow
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systems has been demonstrated.** This is of great significance for facilitating the industrial
application of living anionic polymerizations, as continuous flow processes exhibit many benefits
over their batch counterparts. For example, a variety of polymer molecular weights can be accessed
by living anionic polymerization in flow by simply adjusting the stream flow ratios of monomer
and initiator after the process has begun. Heat transfer is also vastly improved compared with that
in batch, due to the reactor’s high surface area to volume ratio, meaning polymerizations can

typically be performed without the need for addition cooling.3

In this work, we demonstrate CDSA, seed micelle preparation, and living CDSA processes in
continuous flow. We employ a simple home-built continuous flow setup with a cost-effective T-
joint mixer to access polydisperse or seed micelles. We also describe our efforts towards the
preparation of length-controlled 1D micelles by living CDSA in continuous flow through using a
packed-bed column mixer which provides the improved mixing required to access nanostructures

with low length-dispersities.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization of PFS32-b-P2VP4go

PFSs-b-P2VP4g (chemical structure shown in Figure 4.1) was prepared by living anionic
polymerization.!® A small aliquot of PFS was removed for characterization by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. The number-average
molecular weight (M,) of the PFS block was found to be 7,740 Da, corresponding to a degree of
polymerization (DP,) of 32 (target DP, = 30). *H NMR was used to determine the corona-to-core
block ratio as 15, through a comparison of the integration of peaks corresponding to CpH of PFS
(multiplet at 4.02 ppm) and the aromatic protons of P2VP (multiplet at 7.40-6.08 ppm) (Figure
S4.1). The molecular weight dispersity (Mw/M;) of the BCP was determined to be Mw/M, = 1.05 by

gel permeation chromatography. A large corona-to-core block ratio of 15 was targeted since this is
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expected to reduce the micelle growth rate.*” In principle, we expected that a reduction in micelle
growth rate should minimize the requirement for rapid mixing in the following investigations,

allowing for low dispersity micelles to be obtained more easily.

With the aim of accessing uniform 1D micelles via continuous flow, we identified three key stages
to investigate: (1) the formation of polydisperse fibers via CDSA in flow, (2) the preparation of
seed micelles via synchronous CDSA and sonication in flow, and (3) the formation of low
dispersity fibers via living CDSA in flow. Herein, we describe the optimization of these processes
utilizing PFSs.-b-P2VPag as proof-of-concept experiments. We discuss the results in terms of flow
rate (uL/min), which is calculated by addition of the feed stream flow rates, and residence time

(min), which is defined by the time it takes to entirely exchange the volume of the reactor.

= Si H
| - I X
nBu 51— ' R
| 32
480

Figure 4.1 Chemical structure of PFS3,-b-P2VPag utilized in this study.

4.3.2 Preparation of Polydisperse PFSaz:-b-P2VP4go fibers via CDSA in

Continuous Flow

We began our investigation by examining the preparation of polydisperse PFSs»>-b-P2VPag fibers
by CDSA in continuous flow. A simple and cost-effective two-feed coil reactor comprised of
fluorinated ethylene propylene (FEP) tubing and a T-joint mixer was built (Scheme 4.1), with a
reactor volume of 4712 uL. To access polydisperse fibers via CDSA in flow, it is required that a
unimer solution (whereby the BCP is molecularly dissolved) is mixed with a selective solvent
which will induce self-assembly and crystallization of the core-forming block. Therefore, the two
feeds contained a PFSz»-b-P2VPa4go unimer solution in THF (25 mg/mL) and isopropanol (iPrOH),

a selective solvent for the P2VP corona, respectively. The feeds were pumped through the
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continuous flow setup by syringe pumps with a flow rate ratio of 4, to give a final solvent
composition of 20 vol% THF/iPrOH, a final concentration of 5 mg/mL, and an overall flow rate of
26 pL/min. The resulting micelle solution was collected into a vial after a residence time of
180 min. On performing the continuous CDSA process under these conditions, polydisperse PFSs,-

b-P2VP.go 1D micelles were formed (Scheme 4.1).

Collection

Reactor

(@) Solution Delivery Mixing

1 1
1 1
i i
1 1
Selective ! !
Solvent ) i E
ProH) N :
]
Unimer i i
Solution __ (N ; ]
- r i E Polydisperse

) ! : Fibers

(THF) ' '

Scheme 4.1 (a) Preparation of polydisperse PFSs-b-P2VP.g fibers by CDSA in continuous
flow. Coil reactor (reactor volume = 4712 pL) with T-joint mixer and two reagent streams
comprising of selective solvent (iPrOH) and unimer solution (PFSs2-b-P2VP4g in THF,
25 mg/mL) were used. (b, ¢) TEM images of polydisperse PFSs>-b-P2VPas fibers (5 mg/mL,
20 vol% THF/iPrOH) prepared using the flow set-up depicted at (b) low and (c) high
magnification. A solution sample was drop-cast immediately from collection vial, with no

ageing, and imaged after solvent evaporation. Scale bars: (b) 1 pum, (c) 2 um.
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4.3.3 Preparation of PFS32-b-P2VPsg0 Seed Micelles via Synchronous

CDSA and Sonication in Continuous Flow

On demonstrating the successful use of CDSA in continuous flow to access polydisperse PFSz.-b-
P2V/P.go micelles, we looked to perform synchronous CDSA and sonication to access seed micelles
in a simple one-step continuous process. We utilized the simple coil reactor with FEP tubing and a
T-joint mixer that we built previously (reactor volume = 4712 pL) with the same two feeds of
unimer solution (PFS3-b-P2VP.g in THF, 25 mg/mL) and selective solvent (iPrOH). The coil
reactor was then placed into a sonication bath and maintained at ca. 10 °C (Scheme 4.2) throughout

the experiment. The resulting seed solution was collected into a vial.

Solution Delivery i Mixing i Reactor in i Collection
! 1 SonicBath
Selective i i !
Solvent _® E E E A\ -
(iPrOH) i i .
I — '
Unimer i i i
Solution —@—Ii i i
i i Sonic Bath i Seed
' ! i Solution
1 ] 1

(THF)

Scheme 4.2 Preparation of PFS3-b-P2VP4g seed micelle preparation by synchronous CDSA
and sonication in continuous flow. Coil reactor (reactor volume = 4712 uL) with T-joint mixer
and two reagent streams comprising of selective solvent (iPrOH) and unimer solution (PFSs.-b-
P2VP.g in THF, 25 mg/mL) were used. The reactor was placed in a sonication bath maintained

at 10 °C throughout the experiment.

During optimization studies, we varied the residence time (11-120 min) by altering the flow rate
(Table S4.1). The ratio of feed flow rates was kept constant at 4 (selective solvent/unimer solution).
Aliquots were taken from the collection vial after the appropriate residence time and were spotted
immediately onto carbon-coated copper grids for analysis by TEM. The aliquots were also aged for

24 h before being spotted and reimaged to determine whether the CDSA/sonication process went
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to completion inside the flow reactor itself, or whether the process continued in batch in the
collection vial. Size analysis was performed to determine the number-average length (L,) and
length-dispersity (Lw/Ln) of the micelles prior to and after ageing (Figures 4.2a, S4.2 and S4.3, and

Table S4.1).

(@ 100
80
60

” ! t 4
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Seed length (nm)

0

0 20 40 60 80 100 120
Residence time (min)

Figure 4.2 (a) Effect of residence time on the micelle length obtained from synchronous
CDSAV/sonication in continuous flow. Error bars represent standard deviation of the measured
length. Samples were either spotted immediately from the flow process (no ageing, blue) or were
aged in batch for 24 h before being spotted (purple). (b) TEM image of PFSs-b-P2VP.g, seed
micelles (L, = 36 nm, Lw/L, = 1.06) prepared by synchronous CDSA/sonication in continuous
flow (20 vol% THF/iPrOH, 5 mg/mL, residence time = 45 min). A solution sample was drop-
cast immediately from collection vial, with no ageing, and imaged after solvent evaporation.

Scale bar: 200 nm.

For residence times below 45 min, it is evident that the CDSA/sonication process is incomplete
within the flow reactor. For example, using a residence time of 11 min, the micelles formed during
the flow process exhibited a length of L, = 54 nm and had a relatively high length-dispersity of
Lw/Ln=1.28 (Figures 4.2a, S4.2a and S4.3a, and Table S4.1). This indicated that the fragmentation
of fibers is incomplete, likely due to the short residence (and therefore sonication) time. It is known
that the scission of PFS-based micelles depends strongly on fiber length, with longer micelles being

fragmented easily and short micelles being more stable.® We would therefore expect to see a
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significant decrease in fiber length at the start of the sonication process. Then with increasing
sonication time, we would expect to observe a slower rate of fragmentation since scission of shorter
micelles would be more challenging.® Furthermore, on ageing of these micelles for 24 h, the fibers
increased in length to L, = 70 nm (Lw/L» = 1.20), demonstrating that the elongation process (CDSA)

was also incomplete after the 11 min residence time.

On increasing the residence time to 45 min, low dispersity nanofibers (L, = 36 nhm, Lu./L, = 1.06)
were obtained from the continuous flow process (Figures 4.2b and S4.2c). The lack of any
significant change in the micelle length or length-dispersity after ageing (L, = 34 nm, Lw/L, = 1.06,
Figure S4.2h) indicated that both the CDSA and sonication processes went to completion in the
reactor. Experiments with longer residences times (90 and 120 min) also resulted in the formation
of PFS3-b-P2VP.g seed micelles with statistically identical lengths and dispersities to that when
using a residence time of 45 min (Figures 4.2a, S4.2d, e and S4.3d, e, and Table S4.1). On ageing
of these samples for 24 h, no significant change in these values was observed (Figures 4.2a,
S4.2i, j, and S4.3i, j, and Table S4.1). These results corroborate that the synchronous CDSA and

sonication processes are complete within a 45 min residence time.

The seed preparation optimization process was repeated using an alternative, more specialized T-
joint micromixer which we anticipated to improve our results further due to exhibiting more rapid
mixing.3*** However, this setup yielded similar results as those achieved using a basic T-joint
mixer (Tables S4.1 and S4.2). Therefore, seed micelles can be prepared using a simple cost-
effective continuous flow setup without the requirement of specialized micromixing units. The
optimized seed preparation via synchronous CDSA and sonication in continuous flow was repeated
a total of five times to yield seed micelles with statistically identical lengths within error (Table
S4.3), demonstrating the robustness of our method. Using this continuous flow setup under these

optimized conditions, we can access 20 mL (100 mg) of PFSs,-b-P2VPago seed micelles (5 mg/mL)
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in 210 min. The theoretical yield of this process is therefore ca. 137 mL/day, which equates to the

preparation 685 mg of seed micelles per day.

4.3.4 Preparation of Low Dispersity PFS32-b-P2VP4go Cylindrical Micelles
via Living CDSA in Continuous Flow

We began our investigation by considering the key factors which should affect living CDSA in
continuous flow: flow rate, residence time, and mixer volume. We anticipated the biggest challenge
in performing living CDSA in a continuous flow process would be achieving fast and efficient
mixing of the unimer and seed solution streams. We expected that the relatively large corona-to-
core block ratio of 15 for PFSs,-b-P2VP4go could minimize this issue by reducing the rate of micelle
growth.®” Drawing from the analogy of living CDSA and living anionic polymerization,* it is
postulated that fast mixing is essential with highly reactive reagents. In living anionic
polymerizations in continuous flow, it is crucial to reach solution equilibrium quickly to ensure
control over the resulting polymer.-%¢ In batch, the importance of efficient mixing of the seed and
unimer solutions has also been demonstrated to access controlled micelles which exhibit low size-

dispersity.3

Preliminary investigations demonstrated that the simple T-joint mixer, described and employed
previously to prepare seed micelles, did not allow for sufficient mixing to occur during the living
CDSA process. This resulted in polydisperse fibers being formed, presumably because some seeds
were not exposed to unimer at all, resulting in negligible growth, whereas those that were exposed
to unimer would elongate rapidly (Figure S4.4). We calculated the Reynolds number, a
dimensionless mass transfer coefficient which can be used to predict the type of flow exhibited for
a fluid,* to be ca. 0.2 for the final solvent composition of 20 vol% THF/iPrOH within the T-joint
mixer. This value of Reynolds number, along with our observations, suggests that laminar flow is
occurring under these conditions. Laminar flow is characterized by ordered layers of liquid sliding

past each other parallel to the reactor tubing, with radial mixing of the layers being limited to
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molecular diffusion.*>** We would expect this to lead to the formation of 1D micelles which are
length-disperse, as was observed. With this in mind, we investigated the use of the specialized T-
joint micromixer, as previously described in Section 4.3.3, which consists of many microchannels
in an effort to improve mixing. However, significant fouling occurred after repeated use due to
accumulation of solids,* limiting the application of this micromixer for living CDSA in continuous
flow. Therefore, we investigated the use of a packed-bed column mixer housing sand herein, which

is reported to provide efficient mixing via distributive mixing.404°

The packed-bed column mixer is a relatively cheap mixing unit comprised of stainless-steel tubing
containing a frit and filled with sand. It is easy to customize the mixer volume by simply changing
out the main tubular section of the mixer for a different length of stainless-steel tube.** Moreover,
if clogging were to occur, the frit and sand bed are extremely easy to replace, with pieces costing a
fraction of the price of alternative micromixing technologies. For our optimization studies, we
tested mixer column lengths of 5 and 10 cm, corresponding to mixer volumes of 717 and 1302 pL,
respectively. The living CDSA was carried out using two feed streams comprising of seed solution
(2 mg/mL, 10 vol% THF/iPrOH) and unimer solution (21 mg/mL in THF) (Scheme 4.3) with a
flow rate ratio of 4 (unimer/seeds), to make a final unimer-to-seed ratio Mynimer/Mseca OF 5. Residence
times of 20, 90, and 180 min (corresponding to flow rates of 1018-1047, 226-233, and 113-
116 pL/min, respectively) were investigated. The resulting fibers were obtained at 1 mg/mL in
28 vol% THF/iPrOH. The TEM images and corresponding size-analysis of the micelles are shown
in Figures 4.3, S4.5-S4.7, and Tables S4.4 and S4.5, respectively. Size analysis was performed
prior to and after ageing for 24 h to determine whether living CDSA goes to completion within the

flow reactor.
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Scheme 4.3 Preparation of low dispersity PFSs2-b-P2VP4go cylindrical micelles by living CDSA
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in continuous flow using Mynimer/Msees = 5. Coil reactor with packed-bed column mixer and two
feed streams comprising of seed solution (1 mg/mL, 10 vol% THF/iPrOH) and unimer solution

(PFS32-b-P2VPag in THF, 25 mg/mL) were used.
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Figure 4.3 TEM images of PFS3»-b-P2VPag cylindrical micelles prepared by living CDSA from
PFSs32-b-P2VP4sy seed micelles (L, = 39 nm, Lw/L, = 1.09) in continuous flow using a packed-
bed column mixer of length 10 cm and a residence time of (a) 20 min (L, = 268 nm, Lw/L, =
1.44), (b) 90 min (Ln = 275 nm, Lw/L, = 1.20), or (c) 180 min (L, = 216 nm, L./L, = 1.38).
Micelles were prepared in 28 vol% THF/iPrOH at 1 mg/mL, using Mynimer/Msees = 5. Solution
samples were drop-cast immediately from collection vial, with no ageing, and imaged after

solvent evaporation. Scale bars: 1000 nm.

For the living CDSA from seeds of length L, = 39 nm and using Mynimer/Mseed = 5, the theoretical
fiber length is 234 nm. When a residence time of 180 min and mixer length of 10 cm are employed

in the living CDSA in continuous flow, PFSs,-b-P2VP.g fibers of length 216 nm (Lw/L, = 1.38)
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were obtained (Figure 4.3c). After ageing of this sample for 24 h, a negligible change in the fiber
lengths was observed, but the length-dispersity decreased (L, = 231 nm, Lw/L, = 1.14, Figure
S4.5¢). This indicates that a residence time of 180 min allows for fiber elongation to almost go to
completion within the flow reactor, but some unimer must still be present in the collection vial to
affect the length-dispersity on ageing. Using a mixer length of 5 cm with the same residence time
(180 min) also resulted in negligible fiber growth after ageing (L, = 204 and 207 nm) but a decrease
in length-dispersity from Lu/L, = 1.34 to 1.20 (Figures S4.6¢ and S4.7¢), suggesting that the mixer
volume has no significant effect on living CDSA at this residence time or flow rate. At lower
residence times of 20 and 90 min, however, a more significant increase in fiber length was observed
upon ageing for 24 h (Figures S4.5a, b, S4.6a, b, S4.7a, b, and Tables S4.4 and S4.5). Moreover,
larger values of o/Ln, Which indicate a large variation of fiber length, were generally obtained on
decreasing the residence time (Tables S4.4 and S4.5). This is likely due to the elongation process
being incomplete within this time (< 90 min), with shorter residence times allowing for less
elongation to occur in the flow reactor. On ageing, this would lead to a more significant increase in

fiber length.

The 1D PFS3;-b-P2VP4g micelles obtained immediately after the residence time (with no ageing)
possessed the highest length-dispersities observed in this work (Lw/Ln = 1.20-1.61) (Figures 4.3
and S4.6). On ageing of these samples for 24 h, however, the length-dispersity decreased in every
case (Lw/Ln = 1.12-1.33) (Figures S4.5 and S4.7). Notably, an increased mixer length of 10 cm
yielded lower dispersity fibers (Lw/Ln = 1.20-1.44 prior to ageing, Lw/L, = 1.12-1.14 after ageing)
than that obtained with a mixer length of 5 cm (Lw/L, = 1.34-1.61 prior to ageing, Lw/L, = 1.20—
1.33 after ageing) (Tables S4.4 and S4.5). Decreased values of /L, were also obtained when using
a mixer length of 10 cm. These findings indicate that an increased mixer volume allows for
improved mixing efficiency during living CDSA in continuous flow to access lower dispersity

fibers.
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Given the results discussed in this section, work is ongoing and will focus on further optimizing
living CDSA in continuous flow to access low dispersity length-controlled fibers. We anticipate
that an increased mixer length should allow for fibers of even lower length-dispersity to be
prepared, likely due to the improved mixing of the unimer and seed solution feed streams. It is
evident that longer residence times are required to allow for living CDSA to go to completion. We
therefore aim to probe residence times longer than 180 min. However, as the residence time is
increased, the flow rate will inherently decrease since the reactor volume is kept constant. It is
likely that a trade-off between these variables will exist, such that although increased residence
time should allow for living CDSA to go to completion, the resulting decreased flow rate may
compromise mixing efficiency and therefore length-dispersity. We aim to investigate these effects

to optimize the preparation of low dispersity 1D micelles in continuous flow.

4.4 Summary

We have demonstrated the successful transfer of CDSA and seed micelle preparation to continuous
flow. Polydisperse PFSs2-b-P2VP4go 1D micelles were accessed using a residence time of 180 min.
It was demonstrated that synchronous CDSA and sonication performed in continuous flow allowed
access to low aspect ratio 1D seed micelles using a residence time of 45 min and a ratio of flow
rates of 4 (selective solvent/unimer solution). No significant change in the micelle length or length-
dispersity was observed after ageing the resulting seed solution for 24 h, indicating that the CDSA
and sonication processes went to completion in the flow reactor. This method, which employs a
simple cost-effective T-joint mixer, could facilitate the preparation of 685 mg of seed micelles per

day.

Living CDSA was performed in continuous flow, employing a packed-bed column mixer housing
sand, to access 1D micelles which exhibit low length-dispersity. It was found that longer residence

times are essential to allow for living CDSA to go to completion within the flow reactor.
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Furthermore, increasing the mixer length was found to improve mixing of the streams, leading to

cylindrical micelles with lower length-dispersities being formed.
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4.6 Supplementary Materials

4.6.1 Materials and Methods

Solvents were dried and de-oxygenated using a Solvent Purification System (SPS).
Tetrahydrofuran (THF) used for anionic polymerization was distilled from Na/benzophenone. Self-
assembly experiments were performed in HPLC grade solvents, filtered through a 0.2 um
membrane. All materials were purchased from Sigma-Aldrich and used as received unless
otherwise stated. Monomer, dimethylsila[1]ferrocenophane, was prepared by literature procedure.!

PFS32-b-P2VP4so (M = 48,880 Da, Mw/M, = 1.05), was prepared by literature procedure.?

4.6.2 Continuous Flow Instrumentation

Fluorinated ethylene propylene (FEP) tubing of coil reactors has an inner diameter of 1 mm and
were purchased from Analytics-Shop USA. T-joint mixer was manufactured by Supelco Analytical
and purchased from MilliporeSigma. T-joint micromixer was manufactured by and purchased from

Microflow CVO.

Packed-bed column mixer housing sand, used for the preparation of low dispersity micelles, was
assembled according to the literature protocol.® Union, ferrule, and nuts for assembly of the packed-
bed column mixer were manufactured by Supelco Analytical and purchased from Analytics-Shop
USA. To calculate the volume of the sand bed column mixer, it was filled with THF, and the mass
of the solvent was obtained. Using the density of THF as 0.882 g/mL (at ca. 24 °C), the volume

was calculated to be 0.717 mL.

KD Scientific Legato 270P and 180P programmable syringe pumps were purchased from
Analytical West. Syringes (10 and 25 mL) were manufactured by Scientific Glass Engineering and

purchased from Fisher Scientific.
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4.6.3 Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR was obtained using a Varian 500

MHz spectrometer. NMR data was processed using MestReNova.

Gel permeation chromatography (GPC). GPC was conducted using a Malvern Omnisec
Resolve/Reveal equipped with a triple detector array, automatic sampler, pump, injector, inline
degasser column oven (set at 35 °C), elution columns consisting of styene/divinylbenzene gels (of
pore size 500 A — 5,000 A), refractometer, four-capillary differential viscometer, UV/Vis detector
(A = 440 nm) and dual angle laser light scattering detector (7° and 90°). GPC grade THF with 1
wit% triethylamine was used as the eluent, with a set flow rate of 1 mL/min. Samples were dissolved
in THF at 2 mg/mL and filtered through a 0.2 pum polytetrafluoroethylene membrane prior to

analysis.

Transmission electron microscopy (TEM). Copper grids (500 mesh) were purchased from Ted
Pella, Inc. and carbon films were prepared by using a Leica EM ACEG600 instrument. Carbon films
were deposited onto the copper grids by floatation on water and allowed to dry over 24 hours.
Samples for electron microscopy were prepared by drop-casting 8 uL of micelle colloidal solution
onto a carbon-coated copper grid followed by solvent evaporation. TEM images were obtained

using a JEOL JEM 1011 operating at 80 kV, equipped with a Gatan Orius SC1000 CCD camera.

Measurements were undertaken by hand using ImageJ software, developed by the US National
Institute for Health. The micelle number-average length (L,) and weight-average length (L) were
calculated according to the following equations:

_ XN _ XPNLE

L= &l i _ i ik
"OXrN; YoOYENL,

A minimum of 100 micelles were measured for each data point. Errors displayed are standard

deviations of each data set.
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Ultrasonication. Micelle sonication was carried out using a Fisherbrand FB11203 sonication bath

(37 W sonication power).

4.6.4 Synthetic Procedures

46.4.1 Synthesis of PFS32-b-P2VPaso

| Ph
Si H
| '::e | g Ph
nBu Sli@ /lN
32
X" Jaso

Dimethylsila[1]ferrocenophane (100 mg, 0.4 mmol) in THF (1 mL) was initiated with n-butyl
lithium (1.6 M in hexanes, 8 pL, 0.013 mmol) at room temperature with vigorous stirring. After
30 min, the colour of the solution changed from red to amber, indicating complete conversion of
the monomer. Sequential addition of 1,1-dimethylsilacyclobutane (DMSB) (5 pL, 0.039 mmol)
followed by 1,1-diphenylethylene (DPE) (13.8 pL, 0.078 mmol) into the living PFS polymer
solution caused a change in colour from amber to dark red within a minute, indicating the formation
of radical species. After a total of 40 min, an aliquot (200 uL) for molecular weight analysis was
removed and quenched with 4-t-butylphenol. Dry LiCl (ca. 405 mg) and 2-vinylpyridine (492 uL,
4.8 mmol) were dissolved in THF (1 mL). The living PFS and 2-vinylpyridine/LiCl solutions were
both cooled to -78 °C for 15 min before they were combined. The reaction proceeded for 60 min at
-78 °C before termination with 4-t-butylphenol. The polymer was precipitated into hexanes from
THF 3 times and was then dried under vacuum overnight to afford a light orange solid. GPC and
'H NMR analysis were used to determine the final block copolymer composition of PFSg.-b-

P2VPg0.
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Yield: 396 mg (68%). 'H NMR (500 MHz, CDCls): & (ppm) = 8.27 (m, 15H, NCHC), 7.40-6.08
(m, 45H, aromatic H), 4.23 (m, 4H, CpH), 4.02 (m, 4H, CpH), 2.45-1.39 (br, alkyl H), 0.48 (s, 6H,

Si(CHa)2); My (GPC) = 48,880 Da; My/M, (GPC) = 1.05.

4.6.5 Self-Assembly Procedures

46.5.1 Formation of polydisperse 1D PFSs2-b-P2VP cylindrical micelles in

continuous flow

Feed streams of unimer solution (PFSz2-b-P2VPag in THF, 25 mg/mL) (flow rate = 5 pL/min) and
selective solvent (iPrOH) (flow rate = 21 pL/min) were mixed using a T-joint mixer, with a total

additive flow rate of 26 uL/min and a residence time of 3 h.
4.6.5.2 Formation of 1D PFSs2-b-P2VP4so seed micelles in continuous flow

The following procedure corresponds to that of the optimized preparation of 1D PFS32-b-P2VPago
seed micelles. Feed streams of unimer solution (PFSs2-b-P2VPago in THF, 25 mg/mL) (flow rate =
21 pL) and selective solvent (iPrOH) (flow rate = 84 pL/min) were mixed using a T-joint mixer,
with a total additive flow rate of 105 pL and a residence time of 45 min. The tubing reactor was

placed in a sonication bath maintained at 10 °C throughout the experiment.

4.6.5.3 Formation of low dispersity 1D PFSs2-b-P2VPago cylindrical micelles in

continuous flow

The following procedure corresponds to that of the optimized preparation of low dispersity 1D
PFSs2-b-P2VP4go micelles in this work. Feed streams of unimer solution (PFSa2-b-P2VPago in THF,
21 mg/mL) (flow rate = 93 pL) and seed micelle solution (PFSs2-b-P2VP4g seeds in 10 vol%
THF/iPrOH, 1 mg/mL, L, = 39 nm, Lw/L, = 1.09) (flow rate = 23 pL/min) were mixed using a
packed-bed column mixer housing sand, with a total additive flow rate of 116 uL and a residence

time of 180 min.

198



Chapter 4

4.6.6 Supplementary Figures
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Figure S4.1 *H NMR spectra (in CD2Cl,) of PFS32-b-P2VP4so.
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Figure S4.2 Contour area distributions of PFSs-b-P2VPsg seed micelles formed by
synchronous CDSA and sonication in continuous flow (20 vol% THF/iPrOH, 5 mg/mL) (a)—(e)
with no ageing, or (f)—(j) after 24 h ageing. Residence times = (a, f) 11, (b, g) 22, (c, h) 45, (d, i)

90, and (e, j) 120 min.
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Figure S4.3 TEM images of PFSs-b-P2VPss seed micelles prepared by synchronous
CDSA/sonication in continuous flow (20 vol% THF/iPrOH, 5 mg/mL) (a)—(e) with no ageing,
or (f)—(i) after 24 h ageing. Residence times = (a, f) 11, (b, g) 22, (c, h) 45, (d, i) 90, and (e, j)

120 min. Scale bars: 200 nm.
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1000 nm

Figure S4.4 Representative TEM image of preliminary experiments for the living CDSA of

PFSs2-b-P2VP.g in continuous flow using T-joint mixer.

Figure S4.5 TEM images of PFSs-b-P2VPag, cylindrical micelles prepared by living CDSA
from PFSsx-b-P2VP4go seed micelles (L, = 39 nm, Lu/L, = 1.09) in continuous flow using a
packed-bed column mixer of length 10 cm and a residence time of (a) 20, (b) 90, or (c) 180 min.
Micelles were prepared in 28 vol% THF/iPrOH at 1 mg/mL, using Munimed/Mseed = 5. Solution
samples were aged for 24 h before being drop-cast and imaged after solvent evaporation. Scale

bars: 1000 nm.
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Figure S4.6 TEM images of PFSs-b-P2VPas, cylindrical micelles prepared by living CDSA
from PFSs,-b-P2VP4go seed micelles (L, = 39 nm, Lu/L, = 1.09) in continuous flow using a
packed-bed column mixer of length 5 cm and a residence time of (a) 20, (b) 90, or (c) 180 min.
Micelles were prepared in 28 vol% THF/iPrOH at 1 mg/mL, using Munimer/Mseed = 5. Solution
samples were drop-cast immediately from collection vial, with no ageing, and imaged after

solvent evaporation. Scale bars: 1000 nm.

Figure S4.7 TEM images of PFSs,-b-P2VPag, cylindrical micelles prepared by living CDSA
from PFSsz-b-P2VPagy seed micelles (L, = 39 nm, Lw/Ln, = 1.09) in continuous flow using a
packed-bed column mixer of length 5 cm and a residence time of (a) 20, (b) 90, or (c) 180 min.
Micelles were prepared in 28 vol% THF/iPrOH at 1 mg/mL, using Munimed/Mseed = 5. Solution
samples were aged for 24 h before being drop-cast and imaged after solvent evaporation. Scale

bars: 1000 nm.
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4.6.7 Supplementary Tables

Table S4.1 Flow parameters and size analysis data collected during the optimization of PFS3;-b-
P2VP.g seed micelle preparation via synchronous CDSA and sonication in continuous flow. Coil
reactor with T-joint mixer and two reagent streams comprising of selective solvent (iPrOH) and
unimer solution (PFSs2-b-P2VP4g in THF, 25 mg/mL) were used. The reactor was placed in a

sonication bath maintained at 10 °C throughout the experiment.

No ageing Aged for 24 h
t'?risécsz) Z'JOL"/Vr;f‘rff Loem) | cm) | Lole | Lam) | o(m) | Lu/Ls
11 419 54 30 1.28 70 30 1.20
23 209 43 21 1.25 47 22 1.21
45 105 36 9 1.06 34 9 1.06
90 52 33 9 1.08 33 8 1.06
120 26 31 8 1.07 32 8 1.06
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Table S4.2 Flow parameters and size analysis data collected during the optimization of PFSs-b-
P2VP.g seed micelle preparation via synchronous CDSA and sonication in continuous flow. Coil
reactor with T-joint micromixer and two reagent streams comprising of selective solvent (iPrOH)
and unimer solution (PFSsz-b-P2VPago in THF, 25 mg/mL) were used. The reactor was placed in a

sonication bath maintained at 10 °C throughout the experiment.

No ageing Aged for 24 h
t'fgse"mf) Z'fl’_"/vr;f‘rf)e Lo(m) | ¢ (M) | LwLe | Lo(m) | ¢(m) | Lu/Ln
11 419 51 28 1.30 66 35 1.28
23 209 39 16 117 48 33 122
45 105 33 9 1.08 34 10 1.09
90 52 35 9 1.07 38 13 112
120 26 32 9 1.09 32 8 1.07
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Table S4.3 Repeat experiments of PFSs»-b-P2VPag seed micelle preparation via synchronous
CDSA and sonication in continuous flow. Coil reactor with T-joint micromixer and two reagent
streams comprising of selective solvent (iPrOH) and unimer solution (PFSs2-b-P2VPag in THF,
25 mg/mL) were used. Residence time = 45 min, flow rate = 21 pL/min. The reactor was placed in

a sonication bath maintained at 10 °C throughout the experiment.

E)rfslriicrgfem Lo(nm) | o (nm) | Lu/La
1 33 9 1.08
2 36 9 1.09
3 32 8 1.06
4 39 12 1.09
9 42 10 1.05
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Table S4.4 Flow parameters and size analysis data collected during the optimization of living

CDSA of PFS32-b-P2VP4go seeded from PFS32-b-P2VPago seed micelles (L, = 39 nm, Lu/L, = 1.09)

(Munimer/Mseed = 5) in continuous flow using a packed-bed column mixer (length =5 cm).

No ageing Aged for 24 h
Residence | Flow rate Ln c Ln c
time (min) | (uU/min) | @m) | qm) | 5 | B amy | oy | b | bl
20 1018 255 199 0.8 1.61 372 162 0.4 1.20
90 226 234 139 0.6 1.35 317 182 0.6 1.33
180 113 204 120 0.6 1.34 207 93 0.4 1.20

Table S4.5 Flow parameters and size analysis data collected during the optimization of living

CDSA of PFSs32-b-P2VP4go seeded from PFSz,-b-P2VPag seed micelles (L, = 39 nm, Lw/L, = 1.09)

(Munimer/Mseed = 5) in continuous flow using a packed-bed column mixer (length = 10 cm).

No ageing Aged for 24 h
Residence | Flow rate Ln c Ln c
time (min) | (uUminy | (om) | (m) | o | B qmy | my | o | Ll
20 1047 268 | 178 | 0.7 | 144 | 367 | 127 | 03 | 112
90 233 275 | 123 | 04 | 120 | 312 | 106 | 03 | 1.12
180 116 216 | 133 | 0.6 | 1.38 | 231 85 04 | 114
4.6.8 Supplementary References

)

Rider, D. A.; Cavicchi, K. A.; Power-Billard, K. N.; Russell, T. P.; Manners, |. Diblock
Atactic Blocks:
Characterization, Self-Assembly of Polystyrene-Block-
Poly(Ferrocenylethylmethylsilane) in the Bulk State. Macromolecules 2005, 38 (16), 6931
6938.
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Chapter 5 Electrospinning and Coaxial

Electrospinning of 1D Fiber-Like Micelles

5.1 Abstract

Electrospinning is a simple, low cost, and high throughput technique that allows for processing of
polymers into fibers. The process can be controlled to allow access for well-defined continuous
fibers that are of interest for a wide range of applications including as tissue scaffolds, as nanowires
in optoelectronic devices, and in catalysis. Conventional electrospinning processes use polymer
solutions with high molecular weights. Here, we report the electrospinning of one-dimensional
(1D) fiber-like block copolymer micelles containing a crystalline core. We successfully accessed
core-shell microfibers  in which 1D micelles containing a  crystalline
poly(ferrocenyldimethylsilane) (PFS) core are immobilized on a polystyrene microfiber via coaxial
electrospinning. Furthermore, we describe efforts to extend this approach to the use of 1D micelles
comprising of a crystalline, n-conjugated poly(di-n-hexylfluorene) (PDHF) core. Electrospinning
was also successfully used to prepare microfibers consisting solely of 1D micelles with a PFS

crystalline core, the first examples where a template material is not required.

5.2 Introduction

The solution self-assembly of amphiphilic block copolymers (BCPs) has been recognised as a
valuable bottom-up approach to yield a vast range of micelle morphologies including spheres,
worms, lamellae, and vesicles.™? In particular, one-dimensional (1D) micelles are of considerable
interest in fields such as catalysis,®* optoelectronics,>® and nanomedicine.”** Non-spherical
nanostructures, such as 1D fiber-like micelles, are often challenging to access via the self-assembly
of BCPs with amorphous cores as these morphologies with low interfacial curvature typically only

exist in restricted regions of the phase space.? In the self-assembly of BCPs with a crystallizable
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core-forming block, however, crystallization provides an additional driving force for the formation
of 1D micelles.* This phenomenon is termed crystallization-driven self-assembly (CDSA). CDSA
yields polydisperse micelles with a lack of length-control resulting from the slow and random
nature of self-nucleation events which overlap with the growth/elongation step.* Low dispersity
micelles can be accessed by circumventing the spontaneous (homogeneous) nucleation step of
CDSA and performing the self-assembly in the presence of preformed seeds, which act as efficient
initiators for the growth/elongation step.'® Seed micelles are prepared through sonication and
fragmentation of polydisperse 1D micelles.®'” This seeded growth process is termed “living”
CDSA® and has been achieved using a variety of crystalline core chemistries such as
poly(ferrocenyldimethylsilane)  (PFS),%*>%  poly(di-n-hexylfluorene) (PDHF), 22  poly(e-

caprolactone),?*?® polyethylene,?®2?” and poly(p-phenylenevinylene) and related materials.?-*°

Recent advances have led to further developments of CDSA protocols which have allowed for the
upscaled production of 1D micelles with crystalline cores, to help realize their potential
applications.3*3% For example, a process termed polymerization-induced CDSA (PI-CDSA)
whereby the BCP synthesis and self-assembly occur in situ allows access to 1D micelles at up to
25 wt%.%1%2 As a result of the diverse range of crystalline core and coronal chemistries compatible
with CDSA protocols, 1D micelles prepared using these methods are of interest for a wide range

of applications.

Electrospinning is a simple, low cost, and high throughput method for fabricating continuous fibers
with inherently high surface-to-volume ratios.**=° The electrohydrodynamic phenomenon depends
on a complex interplay of factors such as surface tension, viscosity, and electrical charge.*® These
factors interact in various ways to affect the electrified jet of polymer solution which is ejected
from the electrospinning needle.®® Examples of electrospinning high molecular weight polymer
solutions are ubiquitous, however the concept has recently been extended to supramolecular

assemblies and crystallizable block copolymers. 404

210



Chapter 5

Coaxial electrospinning is a process which employs a specialized core-shell capillary needle
containing distinct core and shell solutions for electrospinning.®4?-* High molecular weight
polystyrene (PS) is often employed as the core since fibers can be easily accessed and optimized,
allowing for facile templating of the shell material. When a voltage difference is applied between
the collector plate and the needle, the solutions are drawn out to form fibers with a core-shell
structure. This technique is a cost effective and high throughput method of processing and preparing
fibers for use in devices.>*"#® Electrospun and coaxially electrospun fibers have various
applications such as in biomedical engineering as tissue scaffolds,*-%! or in optoelectronics as

nanowires.*1-52

One of our groups and also others have previously demonstrated that coaxial electrospinning can
be used to prepare polystyrene microfibers with a sheath of 1D polyethylene-core micelles,>* yet
the scope has not been extended beyond this crystalline core chemistry. Herein, we explore the
electrospinning of a variety of different 1D fiber-like micelles by both coaxial and conventional
electrospinning methods to access microfibers either exhibiting a core-shell structure or consisting

solely of 1D micelles, respectively.

5.3 Results and Discussion

531 Coaxial Electrospinning of PFS-Based 1D Micelles with Polystyrene

Coaxial electrospinning allows for the preparation of core-shell microfibers and assists the
electrospinning of materials by using a carrier, most commonly high molecular weight PS (Scheme
5.1). The use of a carrier or template is of significant importance for the electrospinning of materials
which would typically form particles by “electrospraying”.®* BCP micelles generally form
electrosprayed particles in electrospinning processes,>® leading to several challenges in the
preparation of fibers containing these nanostructures. Therefore, high molecular weight PS (M, =

1.4 x 10° Da) was employed as the carrier in this work, since this polymer forms well-defined fibers
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without “beading” (Figure S5.1).3*° The chemical structures of all BCPs utilized in this study are

shown in Figure S5.2.

1D micelle dispersion
PS solution

Scheme 5.1 Preparation of core-shell microfibers by coaxial electrospinning of PS (core, grey)

and a dispersion of 1D micelles (shell, orange).

We first investigated the coaxial electrospinning of polydisperse Plig-b-PFS;7 1D micelles which
were prepared via PI-CDSA (L, = 500-3000 nm, W, = 9 + 1 nm, Figure S5.3a).3 For use as the
shell, a dispersion of Plig-b-PFS2; micelles (2.8 wt% in 20 vol% THF/hexanes) (THF =
tetrahydrofuran) was prepared. The electrospinning droplet was extremely stable under the
conditions studied (Table S5.1) resulting in the production of well-defined microfibers with
relatively monodisperse widths (Figure 5.1). Adhesion of 1D polydisperse micelles to the PS fiber

surface was detected by SEM (Figure 5.1c). Generally, long micelles that are oriented along the
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long axis of the core PS fiber were observed. However, some short (ca. 100 nm) micelles were also
discerned, indicating that some fragmentation may have occurred during the coaxial
electrospinning process. The preferred orientation along the long axis of the fiber is presumably a

result of shear forces during the electrospinning process.®#

Figure 5.1 (a) Low magnification and (b), (c) high magnification SEM images of microfibers
prepared via coaxial electrospinning of 1D Plig-b-PFS;z micelles (2.8 wt% in 20 vol%
THF/hexanes, shell) with PS (7 wt% in dimethylformamide (DMF), core). Inset box on (b)
shows location of high magnification image (c). Arrows depict adhesion of 1D Plig-b-PFSy7

micelles to the PS core fiber. Scale bars: (a) 10 um, (b) 2 um, (c) 200 nm.

To further characterize the microfibers prepared via coaxial electrospinning, and to determine the
coverage of Plig-b-PFS27 micelles on the PS fiber surface, Raman spectroscopy was performed
(Figure 5.2). The Plig-b-PFSy7 micelles were found to be dispersed evenly over the PS fiber
surface by Raman imaging (Figure 5.2b). The presence of sharp peaks in the Raman spectra
corresponding to Pligo-b-PFS27 also confirmed the presence of a crystalline PFS core (Figure
5.2e),%* indicating that the core crystallinity is not compromised during the electrospinning process.
The peaks corresponding to the PFS crystalline core also appeared sharper than those assigned to

the PI corona.®®5%
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(b) i (c) @ (d) (e)

500 1000 1500 2000
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Figure 5.2 (a) Overlay of optical microscopy image with component distribution from Raman
imaging for a microfiber prepared via coaxial electrospinning of Plig-b-PFS;7 micelles (2.8 wt%
in 20 vol% THF/hexanes, shell) with PS (7 wt% in DMF, core). Areas rich in Plig2-b-PFS;7 and
PS are coloured in blue (b) and red (c), respectively. Consequently, mixed phases in the
combined distribution (d) appear purple. (¢) Raman spectra of the mixed PS/Pligx-b-PFSy;
micelle phase (blue) and PS (red) derived from True Component Analysis. In the Raman
spectrum of the mixed PS/Plio,-b-PFS,7 micelle phase the characteristic peaks at & = 316 cm™*
and 1645 cm prove the presence of the Plio2-b-PFS2; micelles. Due to the smaller diameter of
the micelles compared to that of the excited confocal volume the micelle spectrum is always

superimposed with the PS spectrum. Scale bars: (a) 10 um, (b)—(d) 5 pm.

To further investigate the behaviour of PFS-based micelles in coaxial electrospinning, we repeated
the procedure using micelle dispersions containing BCPs with different corona-forming blocks,
ran-Ply24/PtBS125-b-PFSs7 (Figure S5.3b) and PtBSzs7-b-PFSss (Figure S5.3¢), while keeping the
corona-to-core block ratio constant (ca. 7:1). Under the conditions studied (Table S5.1),
microfibers akin to those when using Pligo-b-PFS27 micelles were afforded (Figure S5.4). However,
the 1D micelles were not clearly discernible by SEM analysis (Figure S5.4b and d). The
microfibers obtained when using ran-Pli24/PtBSi2s5-b-PFSs; micelles or PtBSs7-b-PFSss micelles
as the shell solution also exhibited a texture and morphology more similar to that of PS microfibers
prepared via conventional electrospinning processes (Figure S5.1¢).2 This indicates that coaxial

electrospinning was ineffective under these conditions. This could be due to the corona-forming
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segments, ran-Pl.24/PtBS12s and PtBSs7, exhibiting more PS-character than that of Plyg, causing
the core and shell solutions to mix prior to ejection of the microfiber. This could lead to the fiber-
like micelles being buried in the PS fiber due to greater coronal compatibility, preventing the

formation of a core-shell fiber.

5.3.2 Extension of Coaxial Electrospinning Approach to PDHFi7-b-

P2VP1s50 1D Micelles with Polystyrene

The emergence of 1D nanoparticles based on BCPs with a n-conjugated crystalline core has led to
considerable interest in their application as nanowires in devices.5>~% In this work, our attention
turns to the use of 1D micelles containing a PDHF crystalline core prepared via CDSA.% Long-
range exciton transport (> 200 nm) that is far superior to that of thin-films of conjugated polymers
has been achieved for PDHF-containing nanofibers, owing to the highly ordered crystalline core.?
Recent studies have further demonstrated the promise of m-conjugated polymer nanofibers
containing the donor PDHF crystalline core for optoelectronic applications,? such as energy-

funneling which enabled a 4-fold enhancement of quantum rod emission.?®

It has been demonstrated that alignment of 1D micelles with a n-conjugated poly(3-hexylthiophene)
crystalline core can greatly enhance charge-carrier mobility.> In electrospinning processes, shear
forces are exerted on the solution as it passes through the needle, causing BCP micelles to align
along the long axis of the resulting fiber.® This phenomenon was demonstrated in the coaxial
electrospinning of Plig,-b-PFS,7 micelles (Figure 5.1c) as well as in previous work.345 We were
therefore interested in exploring the potential alignment of PDHF-containing micelles with the

ultimate future aim of preparing electroactive fibers.

We studied the coaxial electrospinning of PDHF17-b-P2VP2s50 1D micelles (Figure S5.5) (1.0 wt%
in 25/25/50 vol% THF/MeOH/DMSO) (MeOH = methanol, DMSO = dimethyl sulfoxide) with PS

(Mn=1.1x10° Da, 7 wt% in DMF) as a carrier material. The PDHF17-b-P2VP2s0 1D micelles were
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employed as either the core (Figure 5.3a) or shell (Figures 5.3b and 5.4b) of the coaxially
electrospun fiber. The conditions of the coaxial electrospinning experiments were optimized to
stabilize the droplet formation and yield fibers with minimal beading (Table S5.2). Fluorescence
images indicated relatively even distribution of PDHF17-b-P2VP250 micelles throughout the core
(Figure 5.3a) and shell (Figure 5.3b) of the coaxially electrospun fibers, compared with drop-cast
micelle dispersion (Figure S5.6). On closer inspection, SEM analysis indicated that large
populations of micelles exist at beads rather than being evenly distributed over the fiber surface
(Figure 5.4b). Beading of fibers results from various factors including low solution viscosity, high
net charge density of the jet, and high surface tension.®® There was not sufficient evidence from
SEM analysis to determine whether the PDHF17-b-P2VP2s micelles aligned during the coaxial
electrospinning process, as individual 1D micelles could not be identified. Further optimization of
the processing parameters is required to obtain a homogeneous coverage of PDHF17-b-P2VP2so

micelles on the core PS fiber, as well as accessing electrospun fibers without beading.

Figure 5.3 Confocal fluorescence microscope images of microfibers prepared via coaxial
electrospinning of PDHFi7-b-P2VP2, 1D  micelles (1L.Owt% in  25/25/50 vol%
THF/MeOH/DMSO) with PS (7 wt% in DMF) in which the micelles form (a) the core or (b) the
shell of the fiber. Inset are representations of the core-shell microfiber structure composed of PS

(white) and PDHF17-b-P2VP2s0 micelles (green). Scale bars: (a) 4 um, (b) 20 pm.
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Figure 5.4 High magnification SEM images of microfibers formed via coaxial electrospinning
of PDHF17-b-P2VP3s5, 1D micelles (1.0 wt% in 25/25/50 vol% THF/MeOH/DMSO, shell) with
PS (7 wt% in DMF, core). A collector distance of 20 cm and pump speeds of 1.2 mL/h (core)

and 0.4 mL/h (shell) were used. Scale bars: 1 um.

5.3.3 Electrospinning of Plig2>-b-PFS27 1D Micelles

With the aim of developing microfibers formed exclusively of fiber-like BCP micelles, without the
use of a template polymer, electrospinning of Plig-b-PFS;; 1D micelle dispersions was
investigated. As previously mentioned, BCP micelle dispersions typically form particles by
electrospray in conventional electrospinning procedures, as a result of the many parameters and
conditions which require optimization to produce well-defined fibers. We began by exploring the
electrospinning of polydisperse Plig-b-PFS27 micelles (L, = 500-3000 nm) prepared by PI-CDSA
at various concentrations (5-20 wt%) in 20 vol% THF/hexanes (Figure S5.3a).3132 Electrospinning

experimental parameters are detailed in Table S5.3.

At lower concentrations (< 10 wt%), electrospraying of the 1D micelle dispersions was observed
(Figure 5.5a,b), resulting in almost exclusively particle formation. This is likely a result of the low
viscosity of the micelle dispersions at these concentrations preventing electrospinning.> At 5 wt%,
large particles of diameter 76 + 26 um were obtained. On increasing the dispersion concentration
to 20 wt%, however, a mixture of fibers and particles was detected (Figure 5.5c,d). Interestingly,

on the edge of the electrospinning substrate, the formation of short fibers dominated over that of
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particles (Figure 5.5d). Although these results were promising, further optimization was required

to access longer continuous electrospun fibers as well as to minimize beading.

Figure 5.5 Optical microscope images of structures formed via electrospinning of Plig-b-PFS;;
1D polydisperse micelle dispersions in 20 vol% THF/hexanes at (a) 5 wt%, (b) 10 wt%, and (c,d)

20 wt% formed at the (c) centre and (d) edge of the substrate. Scale bars: 100 um.

Since fiber formation was favoured at increased concentration, we looked to further optimize
electrospinning conditions using micelle dispersions at high concentrations of 16-20 wt%. First,
electrospinning of 1D micelles (L, = 500-3000 nm) at 20 wt% was performed at lower voltages
(Figure S5.7 and Table S5.4) with the aim of increasing the stabilization of the droplet and
promoting improved electrospinning.® Fibers were successfully formed via electrospinning,

however the widths varied and some beading was also observed (Figure S5.7).

To prevent localized evaporation and therefore minimize beading, a solvent with a higher boiling
point (Ty) than the current system, 20 vol% THF/hexanes (T, ~ 6669 °C), was explored. DMF (Tp
=153 °C) has been commonly used as a solvent for the electrospinning of polymeric materials and
was therefore explored in this work. However, DMF is a poor solvent for both the Pl corona-

forming segment and the PFS core-forming segment, meaning only low volume fractions could be
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studied to prevent precipitation of the micelles. Therefore, micelle dispersions were diluted to
16 wt% with DMF, resulting in a solvent system consisting of 9 vol% DMF and 18 vol% THF in
hexanes. Under these conditions (Table S5.4), long continuous fibers with relatively monodisperse
widths (ca. 3 um) and the absence of beading were accessed (Figure 5.6). This is likely a result of
an increase in stabilization of the electrospinning droplet caused by the presence of DMF, which
increases the boiling point of the solvent system. Although individual fiber-like micelles could not
be discerned on the microfiber surface by SEM (Figure 5.6d), we performed a control experiment
whereby Pl.73 homopolymer was electrospun to investigate whether microfibers were formed in
the absence of a PFS crystalline core. It was found that, in the absence of 1D PFS crystalline cores,
Plo7s homopolymer did not form electrospun fibers and instead produced particles by
electrospraying (Figure S5.8). To the best of our knowledge, this work is the first example of

electrospun fibers comprising solely of BCP micelles.

Figure 5.6 (a) low magnification and (b) high magnification optical microscope images and (c)
low magnification and (b) high magnification SEM images of microfibers formed via

electrospinning of Plig-b-PFS,7 1D polydisperse micelle dispersions in 9 vol% DMF and
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18 vol% THF in hexanes at 16 wt%. A collector distance of 23 cm and pump speed of 0.8 mL/h

were used. Scale bars: (a, ¢) 100 um, (b) 25 pum, (d) 2 um.

It was postulated that the micelle length could also influence the structures obtained via
electrospinning. The polydisperse Plig-b-PFS>7 1D micelles were sonicated for 1 h at 0 °C to
fragment the nanostructures and allow for the study of how micelle length affects the
electrospinning process. The resulting micelles were analysed by TEM (Figure S5.9) and were
determined to have a length (L.) and length dispersity (Lw/Ln) of Lo =71 nm and Lw/L, = 1.25. On
electrospinning of these shorter micelles, similar results were obtained to that of the long
polydisperse micelles. Electrospraying dominated at lower concentrations (< 10 wt%) (Figure
S5.10a—c) and electrospinning was achieved at 20 wt% (Figure S5.10d, see Table S5.4 for
experimental details). The particles formed via electrospraying exhibited diameters with low
dispersity. At 5 and 7.5 wt%, the particles had comparable diameters of 5.9 + 1.8 um and 7.5 +
2.0 um, respectively, whereas at 10 wt% the diameter was significantly larger (59 + 26 um). These
findings suggest that entanglement of micelles in solution does not play a dominant role on the
structures obtained. Rather, it is likely that the dispersion concentration plays a more significant

role in the electrohydrodynamical phenomenon.

Electrospinning of PFS-based micelles with different corona-forming segments was also explored.
Dispersions of ran-Pli2a/PtBS125-b-PFSs; micelles and PtBSzs7-b-PFSss micelles at 10 wt% in
10/10/80 vol% cyclohexane/THF/hexanes were investigated; however, the solution viscosity was
too high to obtain any electrospinning results. On dilution to 5 wt%, only electrospraying to form

particles was observed, similar to the case of Plig,-b-PFS,7 micelles.>

5.4 Summary

The processing of 1D micelles via electrospinning techniques (coaxial and conventional

electrospinning) was investigated. Using coaxial electrospinning, core-shell fibers whereby the
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shell consisted of polydisperse PFS-based 1D micelles could be obtained. Coaxial electrospinning
using Plig-b-PFS27 micelles as the shell yielded fibers in which the micelles were clearly discerned
on the surface via SEM analysis. Under the optimized conditions, the electrospinning droplet was
extremely stable which resulted in the production of well-defined microfibers without beading.
Furthermore, Raman imaging also confirmed the even coverage of Plig>-b-PFSy7 micelles on the

PS fiber and indicated that the PFS core remained crystalline throughout the process.

The coaxial electrospinning of 1D PDHF17-b-P2VP2s50 micelles with a m-conjugated crystalline core
was also explored. In this case, fibers containing 1D micelles as either the core or shell could be
obtained. However, coaxially electrospun fibers were found to exhibit beading with uneven micelle
distribution over the fiber surface. Future work will aim to optimize the coaxial electrospinning of

PDHF17-b-P2VP2s50 1D micelles to produce well-defined fibers for use in optoelectronic devices.

Conventional electrospinning to produce fibers consisting solely of 1D Plig-b-PFS;7 micelles was
also described. Fibers consisting of either long (L, = 500-3000 nm) or short (L, = 71 nm) micelles
were obtained at solution concentrations of 20 wt% but required further optimization to avoid
beading. The addition of DMF to the micelle dispersion (to make a final concentration of 16 wt%)
was found to stabilize the droplet formation to allow access to well-defined continuous fibers. To
the best of our knowledge, this is the first example of fibers prepared via electrospinning of BCP

micelle dispersions, without the use of a carrier or template.
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5.6 Supplementary Material

5.6.1 Materials and Methods

Hexanes, DMF, THF, and cyclohexane were all purchased from Sigma Aldrich (p.a. grade). All
other reagents and chemicals were used as received unless otherwise stated. Plig-b-PFSs7, ran-
Pl124/PtBS125-b-PFS37 and PtBSzs7-b-PFSsg 1D micelles were prepared by PI-CDSA, as previously
reported.? PDHF17-b-P2VP2s0 was synthesized and self-assembled via CDSA, as previously
reported.® The high molecular weight polystyrenes used for coaxial electrospinning (M, = 1.1 x 10°
Da and M, = 1.4 x 10° Da) were synthesized by living anionic polymerization of styrene in THF at

-80°C employing sec-butyllithium as initiator.

5.6.2 Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR spectra were obtained using a

Varian 500 MHz spectrometer.

Transmission electron microscopy (TEM). Copper grids (500 mesh) were purchased from Ted
Pella, Inc. and carbon films were prepared by using a Leica EM ACEG600 instrument. Carbon films
were deposited onto the copper grids by floatation on water and allowed to dry over 24 hours.
Samples for electron microscopy were prepared by drop-casting 8 pL of micelle colloidal solution
onto a carbon-coated copper grid followed by solvent evaporation. TEM micrographs were
obtained using a JEOL JEM 1011 operating at 80 kV, equipped with a Gatan Orius SC1000 CCD

camera.

Measurements were undertaken by hand using ImageJ software, developed by the US National
Institute for Health. The number-average length (L.) and weight-average length (Lw) were
calculated according to the following equations:

_ XN _ XPNLE

L= &l i _ i ik
"OYrN; YoOYENL,
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A minimum of 100 micelles were measured for each data point. Errors displayed are standard

deviations of each data set.

Ultrasonication. Micelle sonication was carried out using a Fisherbrand FB11203 sonication bath.

The instrument was operated at 100% power and 37 kHz at 10 °C.

Electrospinning. For coaxial electrospinning experiments, a coaxial needle (COAX_2DISP sealed
coaxial needles, LINARI NanoTech, dcore = 0.51 mm, dshen = 1.37 mm) and a 7 wt% polystyrene
(PS) (Mn = 1.1 x 10° Da and M, = 1.4 x 10° Da) solution in DMF were used. Processing parameters
for the coaxial electrospinning experiments are detailed in Table S5.1. For electrospinning,
parameters are detailed in Table S5.3, Table S5.4, and Table S5.5. Fibers were spun onto a

collector (12 x 14 cm) placed at a distance of ca. 20 cm from the coaxial needle.
Optical microscopy. Optical microscope images were taken with a Keyence VHX-100.

Scanning electron microscopy (SEM). SEM analysis was performed using a Zeiss 1530 with field
emission cathode at an acceleration voltage of 3 kV with secondary electrons (SE2) and Inlens SE
detectors. Samples were applied to a conductive adhesive carrier mounted on an aluminium plate,
fixed with an aluminum adhesive strip and coated with a thin layer of platinum (d = ca. 1.3 nm)

using Cressington 208HR high resolution sputter coater with MTM-20 thickness controller.

Confocal fluorescence microscopy. Fluorescence microscopy was performed using a MicroTime

200 fluorescence microscope at an excitation wavelength of 1 = 425 nm.

Raman imaging. For Raman analyses a confocal WITec Alpha 300 RA+ Raman imaging system
equipped with a UHTS 300 spectrometer and a back-illuminated Andor Newton 970 EMCCD
camera together with the WITec Suite FIVE 5.3 software package was employed. All
measurements were conducted with an excitation wavelength of 4 = 532 nm and a 100x objective
(Zeiss EC "Epiplan-Neofluar" DIC, NA = 0.9). For Raman imaging a step size of 100 nm pixel™?,

a laser intensity of 4 mW and an integration time of 0.9 sec were used. All spectra were subjected
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to a cosmic ray removal routine and background subtraction. Component distributions were derived
from the Raman imaging data with the help of the True Component Analysis integrated in the

WITec Project Five 5.3 evaluation software.

5.6.3 Synthetic Procedures

Pligo-b-PFSy7, ran-Pli2s/PtBSi125-b-PFSs; and PtBSs7-b-PFSss 1D micelles were prepared by Pl-

CDSA, as previously reported.*?
56.3.1 Synthesis of Plig2-b-PFS27

GPC was used to characterize an aliquot of the Pl segment before polymerization of the PFS block.
This analysis provided an M, value of 13,100 Da, corresponding to a DP, of 192. *H NMR was
used to determine the block ratio by comparing the integrals of the signals corresponding to the
vinyl protons of Pl (4.39-5.12 ppm) with that of the Cp protons of PFS (4.03 and 4.23 ppm). The
corona-to-core block ratio was found to be 7.1, which could then be used to determine the DP,, of

the PFS block as 27.

IH NMR (400 MHz, CDCl,): & (ppm) = 4.39-5.12 (br, 16H, vinylic P1), 4.23 (m, 4H, Cp), 4.03
(m, 4H, Cp), 2.52-1.18 (br, 41H, aliphatic PI), 0.51 (s, 6H, Si(CHs)z); My (GPC) = 21,800 Da;

Mw/Mp = 1.12.
5.6.3.2 Synthesis of ran-Pli24/PtBsizs-b-PFS37

GPC was used to characterize an aliquot of the ran-PI/PtBS segment before polymerization of the
PFS block. This analysis provided an M, value of 28,500 Da, corresponding to a total DP, of ca.
250. 'H NMR was used to determine the block ratio by comparing the integrals of the signals
corresponding to the vinyl protons of PI (5.12-4.39 ppm) with that of the aromatic protons of PtBS
(7.30-6.11 ppm). The PI/PtBS block ratio was found to be 1. *H NMR of the final BCP could then

be used to determine the DP, of the PFS block, by comparison of the integrals corresponding to the
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Cp protons (4.23 and 4.03 ppm). The corona-to-core block ratio was found to be 6.7, therefore the

DP;, of the PFS block was 37.

!H NMR (400 MHz, CD.Cly): & (ppm) = 7.30-6.11 (br, 13H, CH,CH(Ph)C(CHj3)), 4.39-5.12 (br,
7H, vinylic PI), 4.23 (m, 4H, Cp), 4.03 (m, 4H, Cp), 1.29 (s, br, 30H, C(CHs)3), 2.52-1.12 (br, 3H,
CH2CH(Ph); 6H, a-CCH>; 19H, aliphatic PI), 0.51 (s, 6H, Si(CHs).); M, (GPC) = 38,900 Da;

Mw/M, = 1.13.
5.6.3.3 Synthesis of PtBS2s7-b-PFSs3s

GPC was used to characterize an aliquot of the PtBS segment before polymerization of the PFS
block. This analysis provided an M, value of 41,100 Da, corresponding to a DP, of 257. *H NMR
was used to determine the block ratio by comparing the integrals of the signals corresponding to
the aromatic protons of PtBS (7.30-6.11 ppm) with that of the Cp protons of PFS (4.23 and
4.03 ppm). The corona-to-core block ratio was found to be 6.8, which could then be used to

determine the DP, of the PFS block as 38.

IH NMR (400 MHz, CD,Cl2): & (ppm) = 7.30-6.11 (br, 27H, CH.CH(Ph)C(CHs)), 4.23 (m, 4H,
Cp), 4.03 (M, 4H, Cp), 1.29 (s, br, 61H, C(CHa)s), 2.26-1.12 (br, 7TH, CH.CH(Ph); 14H, 0-CCH)),

0.51 (s, 6H, Si(CHs)2); M, (GPC) = 47,200 Da; Mw/M, = 1.26.
5.6.34 Synthesis of PDHF17-b-P2VP2s0
PDHF17-b-P2V P50 was synthesized and self-assembled via CDSA, as previously reported.?

Azide-terminated P2VPs, was synthesized according to a previously reported procedure and the
DP,, was determined by *H NMR analysis by comparing the integrals of the signals corresponding
to the aromatic protons of P2VP (7.57-6.09 ppm) with that of the RAFT CTA (3.51 ppm). *H NMR
analysis was used to determine the BCP structure as PDHF17-b-P2VP2s0 by comparing the integrals

of the aromatic protons of PDHF (8.73-7.57 ppm) with that of P2VP (7.57-6.09 ppm).
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'H NMR (500 MHz, CDCls): & (ppm) = 8.73-7.57 (m, 363H, polyfluorene aromatic x 6 and poly(2-
vinyl pyridine) CH-N aromatic), 7.57-6.09 (m, 724H, poly(2-vinyl pyridine) CH x 3 aromatic),

3.51 (br s, 2H, RAFT CTA CH,-0O); M, (GPC) = 14,700 Da; My/M, = 1.24.°

5.6.4 Self-Assembly Procedures

Pligo-b-PFS37, ran-Pli2a/PtBS125-b-PFS37, and PtBSzs7-b-PFS3s 1D micelles were prepared via Pl-

CDSA, as previously reported.*?
PDHF17-b-P2VP250 1D micelles were prepared via CDSA, as previously reported.®

5.6.5 Supplementary Figures

(a) (b)

Figure S5.1 SEM image of microfibers formed via electrospinning of 7 wt% PS (M, = 1.4 x

10° Da) in DMF. Scale bars: (a) 10 um, (b) 2 um, (c) 200 nm.
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Figure S5.2 Chemical structures of (a)—(c) PFS-based and (d) PDHF-based BCPs utilized in

this study.

Figure S5.3 TEM images of polydisperse (a) Plig2-b-PFSy7, (b) ran-Pli24/PtBS125-b-PFS37, and (c)

PtBS2s7-b-PFS3s 1D micelles prepared via PI-CDSA (L, = 500-3000 nm). Scale bars: 2000 nm.
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Figure S5.4 SEM images of microfibers prepared via coaxial electrospinning of (a), (b) ran-
Pl124/PtBS125-b-PFS37 micelles and (c), (d) PtBSzs7-b-PFSss micelles (2.8 wt% in 20 vol%
THF/hexanes, shell) with PS (7 wt% in DMF, core). (a) and (c) are low magnification, (b) and

(d) are high magnification. Scale bars: (a, ¢) 10 um, (b, d) 200 nm.

Figure S5.5 TEM image of polydisperse PDHF17-b-P2VP2s0 1D micelles (L, = 500-6000 nm)

prepared by CDSA (1.0 wt% in 25/25/50 vol% THF/MeOH/DMSO). Scale bar: 2 um.
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Figure S5.6 Confocal fluorescence microscope image of drop-cast neat PDHF17-b-P2V P25 1D

micelles (3.3 wt% in 25/25/50 vol% THF/MeOH/DMSO). Scale bar: 20 um.

¢ i vy BN =

100 pm

Figure S5.7 Optical microscope images of structures formed via electrospinning of Plig-b-
PFS,7 1D polydisperse micelle dispersions (L, = 500-3000 nm) in 20 vol% THF/hexanes at
20 wt%. Collector distance and pump speeds of (a) 23 cm, 1.0 mL/h, (b) 23 cm, 0.8 mL/h, (c)

19 cm, 1.0 mL/h, and (d) 19 cm, 0.8 mL/h, were used. Scale bars: 100 pm.
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Figure S5.8 Optical microscope images of droplets formed via electrospinning of Pl7s

homopolymer. Scale bar: 25 pm.

Figure S5.9 (a) Low and (b) high magnification TEM images of Plig-b-PFS;7 1D micelles
prepared via sonication of polydisperse micelles in 20 vol% THF/hexane at 20 wt% for 1 h at

0 °C (Lo =71 nm, Lu/L, = 1.25). Scale bars: (a) 1000 nm, (b) 200 nm.
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Figure S5.10 Optical microscope images of structures formed via electrospinning of Plig,-b-
PFS27 1D micelle dispersions (L, = 71 nm, Lw/L, = 1.25) in 20 vol% THF/hexanes at (a) 5 wt%,

(b) 7.5 wit%, (c) 10 wt%, and (d) 20 wt%. Scale bars: 100 pm.

5.6.6 Supplementary Tables

Table S5.1 Experimental conditions used for coaxial electrospinning of polydisperse PFS-based
micelle solutions (2.8 wt% in 20 vol% THF/hexanes, shell) with PS (7 wt% in DMF, core) where

Q = pump rate, U = potential, d = distance, H = humidity, and T = temperature.

. Qmicelles QPS Uneedle Ucollector d H T
Material (mL/h) | (mL/h) (kV) V) | (cm) | (%) | (°C)
Plysy-b-PFSz 1.1 1.1 11.7 12 | 33 | 43 | 198
ran-Pl 124/PtBSlzs-
DS, 1.1 11 11.7 12 | 29 | 43 | 198
PtBSzs7-b-PFSss 11 1.1 13.5 12 | 29 | 42 | 198
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Table S5.2 Experimental conditions used for coaxial electrospinning of PDHF17-b-P2VP2s0 1D

micelles (1.0 wt% in 25/25/50 vol% THF/MeOH/DMSQ) with PS (7 wt% in DMF) where Q =

pump rate, U = potential, d = distance, H = humidity, and T = temperature.

- Qcore Qshell Uneedle Ucollector H T
Material | 7\ /hy | (mL/h) (kV) &v) | 9C™ | 0p | o
PDHF:7-b-
P2VPo 12 0.4 13.6 -1.0 20 27 | 17.8

Table S5.3 Experimental conditions used for electrospinning of Plig,-b-PFS,7 polydisperse micelle

solutions (20 vol% THF/hexanes) where Q = pump rate, U = potential, d = distance, H = humidity,

and T = temperature.

Conz:\z?;)z;ltlon 8;1{7;:; U(nl:{;.).es U(clill\e;:;or d(cm) | H (@) | T(°C)
5 1.0 12.0 -1.2 33 29 20.8
10 1.0 13.1 -1.2 33 29 20.8
20 1.0 10.2 -1.2 33 29 20.8
20 1.0 8.4 -1.1 23 28 20.2
20 0.8 8.3 -1.1 23 27 20.9
20 1.0 8.5 -1.1 19 27 20.6
20 0.8 8.4 -1.1 19 27 20.6
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Table S5.4 Experimental conditions used for electrospinning of Plis>-b-PFS27 polydisperse micelle

solutions where Q = pump rate, U = potential, d = distance, H = humidity, and T = temperature.

Solvent content (vol%)
(o) | DMF | THE | Hexanes || s | 00| S50 | amy | 60 | 0
20 0 20 80 0.8 8.5 -1.1 19 27 20.5
16 9 18 73 1.0 8.4 -1.1 23 30 20.6
16 9 18 73 0.8 8.4 -1.1 23 30 20.9
16 9 18 73 1.0 8.5 -1.1 19 30 20.9
16 9 18 73 0.8 8.5 -1.1 19 30 20.8

Table S5.5 Experimental conditions used for electrospinning of short Plig-b-PFS2; micelle
solutions (L, = 71 nm, 20 vol% THF/hexanes) where Q = pump rate, U = potential, d = distance, H

= humidity, and T = temperature.

COI’]E:;?(E/I(’SUOH (?Tr]nl.ie/ﬁ; U(rITie/l)leS U(cl(ill\e;;or d(cm) | H (%) | T(C)
5 1.0 8.8 -1.2 33 27 20.9
7.5 1.0 8.8 -1.2 33 27 20.9
10 1.0 134 -1.2 33 27 20.9
20 1.0 13.2 -1.2 33 27 20.9

5.6.7
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(1) Boott, C. E.; Gwyther, J.; Harniman, R. L.; Hayward, D. W.; Manners, |. Scalable and
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2 Oliver, A. M.; Gwyther, J.; Boott, C. E.; Davis, S. A.; Pearce, S.; Manners, I. Scalable Fiber-
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Chapter 6 Summary and Outlook

The overall aim of the work presented in this thesis is to scale-up the preparation of size-tunable,
low dispersity 1D and 2D micelles with a crystalline core by combining living crystallization-
driven self-assembly (CDSA) and polymerization-induced crystallization-driven self-assembly
(PI-CDSA) protocols. In this chapter, the key results contributing towards this objective will be

discussed. Finally, potential future directions for the work in this thesis are described.

6.1 Summary and Future Work

6.1.1 Upscaled Preparation of Low Dispersity 2D Platelet Micelles

Chapter 2 demonstrates the living CDSA of phosphonium-capped poly(ferrocenyldimethylsilane)
(PFS) homopolymers with surfactant counteranions as a route to access low dispersity 2D platelets
at scalable concentrations. First, the CDSA and subsequent sonication of cylinder-forming PFS-b-
P2VP (P2VP = poly(2-vinylpyridine)) were performed at 0.6 wt% to access upscaled 1D seed
micelles. The living CDSA of phosphonium-capped PFS homopolymers with surfactant
counteranions was then probed up to concentrations of 0.4 wt%. The effects of concentration and
temperature on the platelet dimensions, core crystallinity, and structure fidelity were studied.
Significantly, it was found that performing the living CDSA at increased temperature resulted in
the formation of platelets which exhibit a lower aspect ratio, improved structure fidelity, and lower

size-dispersity, despite the concentration being 40-fold higher than previously reported.

Future work should focus on improving the platelet colloidal stability further, as well as providing
a more in-depth understanding of the relationship between platelet dimensions and self-assembly
conditions. Increasing the charge density on the platelet surface could potentially improve the
scalability of this protocol further by increasing the platelet colloidal stability. For example, by

using a crystallizable homopolymer with charged groups at both termini, or by employing an
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alternative charged end group such as trimethylammonium.! Alternatively, using a more
solvophobic charged group as well as careful counteranion selection could have a similar stabilizing
effect. To provide further understanding of the relationship between platelet structure and
dimensions on the self-assembly conditions, studies into the mechanism of 2D living CDSA could

be performed.

6.1.2 Upscaled Preparation of Low Dispersity 1D Nanofibers with a

Biocompatible Crystalline Core

Although nanofibers prepared using living CDSA are of interest for a wide range of applications,
their scale-up presents a key obstacle. Chapter 3 describes the preparation of length-disperse
nanofibers with a biodegradable, crystalline poly(fluorenetrimethylenecarbonate) (PFTMC) core
and a hydrophilic poly(ethylene glycol) (PEG) corona at 20 wt% by PI-CDSA, 400-times higher

concentration that previously reported.

Scalable, low dispersity, and length-tunable 1D PEG-b-PFTMC nanofibers were also accessed via
living PI-CDSA at 10 wt%. Nanofibers of controlled lengths from 100-660 nm were prepared,
demonstrating a facile route to the upscaled preparation of biocompatible nanostructures at
biologically relevant length-scales (< 200 nm). This work provides the first example of living PI-
CDSA using a crystalline core-forming segment other than PFS, extending the scope to an all-

organic block copolymer (BCP).

Expanding on this, future work could involve investigating the preparation of more complex
nanofiber architectures relevant in nanomedical applications and beyond. This should include
nanostructures such as segmented block comicelles, which could incorporate a functional corona
to encapsulate hydrophobic cargo or targeting agents to allow for specific targeting of cancer cells,
for example. A potential candidate for the coronal segment could be poly(N-isopropylacrylamide)

(PNIPAM), which is water-soluble and biocompatible, and therefore has potential application in
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the field of nanomedicine.? PNIPAM is also a thermoresponsive polymer, which can potentially be
exploited for targeted cargo release.? It has been previously demonstrated that incorporating folic
acid as a targeting group in the terminal coronal segment of a block comicelles led to uptake of 1D
nanofibers into more than 97% of folate receptor positive HeLa cells.* This idea could be translated
to the 1D micelles prepared by living PI-CDSA in this work, with the objective of facilitating the

scalable preparation of nanofibers for use in targeted therapies and diagnostics.

Expanding the scope of living PI-CDSA to access fiber-like micelles containing other crystallizable
core-forming segments is also of great interest. In particular, 1D micelles containing a =-conjugated
crystalline core are of considerable interest for optoelectronic applications.>® In order to further
develop the field, their upscaled preparation is of crucial importance. The in situ nature of the living
PI-CDSA process may help minimize competitive self-nucleation events to access scalable 1D

fibers containing a n-conjugated crystalline core, without compromising on length-dispersity.

6.1.3 Preparation of 1D Cylindrical Micelles in Continuous Flow

An alternative route to the upscaled preparation of 1D micelles by living CDSA consists of
translating the process from batch to continuous flow. The work in Chapter 4 first describes the
successful implementation of a simple, cost-effective, and home-built flow setup to prepare 1D
micelles by CDSA. A simple adjustment to the setup, whereby sonication was performed during
the CDSA in flow, led to the preparation of low dispersity seed micelles in a residence time of
45 min. By this method, 685 mg of 1D seed micelles can be prepared per day. The preparation of
low dispersity, length-controlled 1D micelles was also successfully facilitated by performing living
CDSA in continuous flow. In this case, improved mixing of the unimer and seed solution streams
was found to be fundamental to access micelles of low length-dispersity. This work provides the

first example in which CDSA protocols are performed in continuous flow.
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The results discussed in Chapter 4 provide a foundation for future studies on living CDSA in
continuous flow. For example, the preparation of more complex nanofibers with segmented coronal
structures should be easily facilitated using this technique. For example, by using PFS-b-P2VP seed
micelles but employing a unimer which has a different corona-forming segment, such as P1-b-PFS
(PI = polyisoprene) would allow access to micelles with a segmented PI/P2VP corona. Naturally,
the work should also be demonstrated for the preparation of nanofibers with interesting potential
applications, including those containing other crystalline cores for interest in biomedical
applications, such as PFTMC,”® or those with promising optoelectronic applications, such as
poly(3-hexylthiophene)® or poly(di-n-hexylfluorene) (PDHF).®> Another potential direction for this
work could include investigating the living CDSA in two dimensions to access 2D platelet micelles
in continuous flow. The colloidal stability of 2D platelet micelles is generally considerably lower
than that of 1D micelles. This presents additional challenges, generally limiting their preparation
via living CDSA to dilute conditions (ca. 0.002-0.01 wt%). Performing living CDSA in continuous
flow therefore presents a promising route for the scale-up of 2D platelet micelles, since it can be

performed at lower concentrations whilst maintaining a high throughput.

Future work will also focus on the preparation of low dispersity length-controlled 1D micelles via
subsequent CDSA, sonication, and living CDSA in continuous flow (Scheme 6.1). In this case, the
overall efficiency of the process would be vastly improved by simply combining the previously
described optimized setups for both phases (seed preparation and living CDSA). Seed micelles
would be prepared in situ, meaning only unimer solution would be required for use as the feed
streams. Future efforts could also work towards incorporating the living anionic polymerization
itself into the continuous flow setup,'®! potentially allowing for the preparation of the unimer

solution in situ as well.
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Scheme 6.1 Proposed setup for the preparation of length-controlled low dispersity PFSs;-b-
P2VP.g cylindrical micelles by CDSA, sonication, and subsequent living CDSA in continuous
flow. In situ preparation of seed micelles is performed by synchronous CDSA and sonication in
continuous flow, using a coil reactor with T-joint mixer and two reagent streams comprising of
selective solvent (iPrOH) and unimer solution (PFSs-b-P2VPsg in THF, 25 mg/mL).
Subsequent living CDSA is performed using a coil reactor with a packed-bed column mixer,
with the addition of a third reagent stream comprising of unimer solution (PFSzz-b-P2VPas in

THF, 25 mg/mL).

6.1.4 Electrospinning and Coaxial Electrospinning of 1D Micelles

Chapter 5 presents the use of electrospinning techniques as a simple, low cost, and high throughput
method of producing microfibers comprising of 1D micelles containing a crystalline core. Coaxial
electrospinning could be used to access core-shell microfibers in which 1D micelles with a PFS
crystalline core are immobilized on a polystyrene (PS) microfiber. This work also describes efforts

to extend this technique to use 1D micelles containing a w-conjugated PDHF crystalline core.

Future work will focus on optimizing the coaxial electrospinning of PDHF-containing micelles to
produce well-defined microfibers for potential use in optoelectronic devices. One strategy should

focus on preventing bead formation during the coaxial electrospinning process. Beading results
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from low solution viscosity, high net charge density of the solution jet, and high surface tension.*?
Possibly, more concentrated solutions of 1D PDHF-containing micelles could be used to increase

viscosity and prevent beading.

It was also demonstrated in Chapter 5 that electrospinning was successfully used to prepare
microfibers consisting solely of 1D micelles containing a PFS crystalline core. This is the first
example where a template material is not required to prepare microfibers of 1D micelles. In the
future, efforts to expand the scope of this process to other 1D micelles should be made. In particular,
microfibers comprising of biocompatible 1D micelles would be of great interest for potential
applications in biomedical applications, such as tissue scaffolds and regenerative medicine.3
Moreover, this process should be extended to prepare microfibers formed from 1D micelles with a
n-conjugated crystalline core. It has previously been demonstrated that alignment of 1D micelles
containing a poly(3-hexylthiophene) crystalline core enhanced charge-carrier mobility two-fold.6
During electrospinning processes, 1D fibers typically align due to shear forces that are exerted on
the solution as it passes through the needle.t” Therefore, employing microfibers comprising of 1D
micelles with a m-conjugated crystalline core in optoelectronic devices could result in improved

device performance.

6.2 Outlook

Living CDSA has been proven as a powerful tool to access 1D and 2D nanostructures of controlled
size and low size-dispersity. Depending on the nanostructure morphology and coronal and
crystalline core chemistries, micelles prepared by living CDSA are of interest for various
applications including those in nanomedicine, catalysis, optoelectronics, and materials
engineering.'® It is therefore of utmost importance that these 1D and 2D nanostructures can be
prepared on a larger scale to facilitate their further investigation and application. Future challenges
include scaling up the preparation of more complex nanostructures, such as segmented block

comicelles. Moreover, gaining further insight into how factors such as temperature and
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concentration affect the dimensions, size-dispersity, and structure fidelity of 1D and 2D micelles is

of great importance.
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