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Abstract

Nature makes use of the bottom-up synthetic technique termed self-
assembly to fabricate a vast array of complex materials that are integral to life. The
self-assembly of block copolymers (BCPs) has been shown to be a versatile
method for the preparation of a diverse range of nano- and micro-sized micelle
morphologies. It has been demonstrated that crystallization of the micelle core-
forming block of the BCP enables access to one-dimensional (1D) or two-
dimensional (2D) micelle morphologies that are difficult to obtain exclusively via
other synthetic strategies. Living crystallization-driven self-assembly (CDSA)
presents a facile route towards preparing nanostructures with precisely
controlled dimensions. This field of research is rapidly growing with the desire to
use these intricate nanostructures for real-world applications. The work
contained in this thesis focusses on the solution self-assembly of m-conjugated-
based homopolymers and BCPs, with the broad aim of preparing functional
nanostructures with controlled dimensions and desirable structural, optical and

electronic properties.
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Figure 2. 2: Schematic illustration of the seeded growth protocol employed to prepare
low dispersity PDHFs-b-P3EHT25-b-PEG113 nanofibers in THF:MeOH (1:1, v/v). The
unimer was added as a solution in THF. TEM images of nanofibers of controlled length
prepared by seeded growth of PDHFg-b-P3EHT;5-b-PEG113 BCPs from seed micelles (Ln=
68 nm, L /L,= 1.08) with Munimer/Mseea Values of (b) 1, (c) 5, (d) 10, (e) 20 and (f) 30. Scale
bars: 2 pum, Inset scale bars: 500 nm. (g) Graph of micelle number-average length (Lx)
against unimer-to-seed ratio (Munimer/Mseed) Showing a linear correlation........cccoveeveennee. 59
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Figure 2. 4: (a) Schematic illustration of the preparation of low dispersity B-A-B
segmented nanofibers with a central PDHF14-b-PEG;27 segment (A) and terminal PDHFs-
b-P3EHT;5-b-PEG113 segments (B). (b) TEM image of B-A-B segmented nanofibers (L, =
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Lw/Ln=1.04). (c) LCSM image of B-A-B segmented nanofibers (L,= 3473 nm, Lw/ L, = 1.03)
in THF:MeOH (1:9, v/v) prepared from the epitaxial growth of PDHFg-b-P3EHT25-b-
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image was taken with both blue (PDHF) and red (P3EHT) channels. Scale bars: (b) 1 pm
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Figure 2. 5: AFM images of low-dispersity B-A-B segmented nanofibers (A: L, = 247 nm,
Lw/Ln = 1.04; B-A-B: (Ln= 739 nm, L./ Ly, = 1.02) drop cast from THF:MeOH (1:9, v/v) on
to mica. (a) Height image of B-A-B segmented nanofibers and (b) corresponding height
traces. (c) Adhesion image of B-A-B segmented nanofibers and (d) corresponding
adhesion profile traces. The central A segment analysis is collected from the orange trace
and terminal B segments analyses were collected from the green and red traces............ 68

Figure 2. 6: (a) Schematic illustration of the preparation of low dispersity A-B-A
segmented nanofibers with a central PDHFg-b-P3EHT;5-b-PEG113 segment (B) and
terminal PDHF14-b-PEG227 segments (A). LCSM images (b), (c) and (d) of A-B-A segmented
nanofibers (L,= 6296 nm, L.,/ L, = 1.07) prepared from the epitaxial growth of PDHF14-b-
PEG227 unimers from PDHFg-b-P3EHT25-b-PEG113 seed micelles (L,= 1237 nm, Lw/Ln=
1.05) in THF:MeOH (1:9, v/v). LCSM images (b) and (d) were taken with both blue (PDHF)
and red (P3EHT) channels and (c) only with the blue channel. Scale bars: (b) 10 pm and
(€], () 4 LML ettt s et s s e s e RS ARt s 69

Figure 3. 1: (a) Structures of PDHF14-b-PEG227 (A), PDHF17-b-PEG2s50 (B) and PDHF14-b-
QPF16 (C). (b) Schematic illustration of ligand coated CdSe quantum nanostructures. (c)
Schematic illustration of the preparation of length controlled triblock nanofibers and
pentablock nanofibers via seeded growth from A nanofibers and triblock nanofiber seeds,
respectively. Bright-field TEM images of typical (d) triblock B-A-B nanofibers (A: L, =
497 nm, Lw/Ln = 1.05; B-A-B: L, = 823 nm, Ly/L, = 1.06). and (e) segmented pentablock
C-B-A-B-C nanofibers (B-A-B seeds: L, = 532 nm, Lyw/L, = 1.06; C-B-A-B-C: L, = 1021 nm,
Lw/Ln = 1.06). Lw = weight average length. Scale bars: (d) 1 um and (e) 500 nm............. 103
Figure 3. 2: (a) Schematic illustration of the preparation of hybrid B-A-B segmented
nanofibers with spatial-selective attachment of CdSe QDs and (b) hybrid C-A-C segmented
nanofibers with spatial-selective attachment of CdSe QRs. (b) STEM image of CdSe QDs
attached to PDHF17-b-P2VP3s50 nanofibers (L, = 377 nm, Ly /Ln = 1.10). Scale bar: 100 nm.
(d) STEM image of CdSe QDs attached to B segments in B-A-B triblock nanofibers (A: L, =
497 nm, Ly /L, = 1.05; B-A-B: L, = 823 nm, Ly /L, = 1.06). Scale bar = 200 nm. (e) STEM
image of CdSe QRs attached to C segments in C-A-C nanofibers (A: L, = 330 nm, L/L, =
1.06; C-A-C: Ln = 510 nm, Lw/Ly = 1.06). Scale bar: 100 nm. (f) STEM image of CdSe QDs
and QRs selectively attached to the C-B-A-B-C pentablock nanofibers (A: L, = 109 nm,
Lw/Ln=1.06; B-A-B: L, =793 nm, Lw/L, = 1.06, C-B-A-B-C: L, =875 nm, Lyw/L, = 1.07). Scale
bar = 500 nm. (g) STEM image and SEM-EDS mapping images of the elementary
distribution of (h) Selenium (Se), (i) Cadmium (Cd), and (j) Carbon (C) of hybrid C-A-C
nanofibers (A: L, = 330 nm, Lw/L, = 1.06; C-A-C: L, = 510 nm, Ly /L, = 1.06). Scale bar =
2010 TIINL. 1ottrcereeneeusceeceseeseesseessesseeseeeseesse s s e Es et s s s bR bR e R R R SRR AR R R R s Rt 105
Figure 3. 3: (a) Schematic illustration of the exciton diffusion pathway in a hybrid C-A-C
nanofiber upon excitation (Aexe = 385 nm). (b) UV-vis absorption (dashed traces) and
photoluminescence (PL) emission spectra (solid traces) of unimers in THF (blue traces), A
(PDHF-b-PEG) nanofibers in H,0:MeOH (1:1, v/v) (purple traces), and B-A-B nanofibers
(A: Ly = 97 nm, Lw/L, = 1.05; B-A-B: L, = 191 nm, Lw/L, = 1.07) in H,0:MeOH (1:1, v/v)
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(green traces). (c) UV-vis (dashed traces) and PL emission spectra (solid traces) of C-A-C
nanofibers (blue traces, L,= 191 nm, L.,/L, = 1.07), CdSe QR in H,0:MeOH (1:1, v/v) (red
traces). The inset shows the energy levels of PDHF and the CdSe QRS. ....cocveereenecreenneuneen. 107
Figure 3. 4: (a) Fluorescence spectra of hybrid C-A-C nanofibers (A: L,= 167 nm, Lw/Ln =
1.06; C-A-C: L, =191 nm, Ly/Ln = 1.07) with different added amounts of CdSe QRs (0 to 50
wt. %, relative to nanofibers). (b) Photograph of hybrid C-A-C nanofibers with different
loadings of QRs in solution upon 365 nm excitation. (c) PLE spectrum of hybrid C-A-C
nanofibers (blue) and QDs (black) in H,0:MeOH (1:1, v/v) detected at 610 nm emission.
(d) Absorption profiles of hybrid C-A-C nanofibers (blue line), effective hybrid C-A-C
nanofibers (red line), and QRs control (black line). (e) Calculated C-A-C PDHF nanofibers
to QR energy transfer efficiency n(A). Superimposed STED images including both blue and
red channels of different low-dispersity hybrid C-A-C nanofibers (f), A: L, = 2511 nm,
Lw/Ln=1.10; C-A-C: L, = 3221 nm, Lw/L, = 1.10, or g, A: L, =417 nm, L,/L, = 1.07; C-A-C:
Ln =561 nm, Lyw/Ly = 1.08). Scale bar (f) =5 pm, inset = 1 pm. Scale bar (g) = 5 um, inset =
500 NIIML. wottreereeeeuetecsseeeesse e ess e s s s s e s RS s Ea e SRR ER S SR A AR bR e R e 110
Figure 3. 5: (a) left panel: representative TA map of hybrid C-A-C nanofibers (A: L, = 87
nm, Ly /L, = 1.05; C-A-C: L, = 152 nm, L/L, = 1.07) with 50 wt. % loading of CdSe QRs
relative to nanofibers. Right panel: associated spectra averaged over the time delays of
0.1-2.1 ps, 10-30 ps, 50-150 ps, and 1.8-2.2 ns. We observe a clear change in the TA signal
over time. (b) Extracted exciton population kinetics of: PDHF in (unloaded) C-A-C
nanofibers with 400 nm excitation (purple trace), giving the intrinsic PDHF dynamics;
QRs in hybrid C-A-C nanofibers after 460 nm excitation (yellow trace), giving the intrinsic
QR dynamics; PDHF in hybrid C-A-C nanofibers upon 400 nm excitation (blue trace),
showing shortened lifetime due to energy transfer; and QRs in hybrid C-A-C nanofibers
(orange trace), with the rise over time demonstrating energy transfer from PDHF to the
QRs. The fluence with 400 nm excitation was 3 uJ/cm2/s in each case, and at 460 nm a
fluence of 4 pJ/cm?2/s was used to account for the QRs’ lower absorption at 460 nm, and
so that the maximum QR exciton concentration in each case was equal. Global fits are
shown in each case using a 3-parameter model. The global fits are applied from 2 ps
onwards to avoid fitting the QRs’ hot-carrier cooling in the first 2 ps. (c) [llustration of 3-
parameter model labelled with extracted time constants from (b). The system shows high
transfer efficiency (70+10 %), and excitons are funneled to the QRs with a time constant
0 55 10 T3P 112

Figure 4. 1: Schematic illustration of the preparation of low-dispersity helical micelles
via CDSA of (S-) PDCFes-b-PDHF10-b-PNIPAmes triBCPs containing a central crystallizable
PDHF core-forming block (blue regions), a chiral PDCF corona-forming block (purple
regions), and an additional polar PNIPAm corona-forming block (yellow regions) for
colloidal stabilization of the micelles in SOIUtION. ...cccereereererreereee e 167
Figure 4. 2: (a) Self-assembly of (S-) PDCF¢-b-PDHF19[PPh3]Br in THF:iPrOH (9:11, v/v)
to form helical nanofibers. Chemical structure of (S-) PDCFs-b-PDHF10[PPhs3]Br and
schematic illustration of the nanofiber preparation. (b) Self-assembly of (S-) PDCFs-b-
PDHF10-b-PNIPAmeg in THF:MeOH (1:1, v/v) to form helical nanofibers. Chemical
structure of (S-) PDCFs-b-PDHF10-b-PNIPAmgg and schematic illustration of the nanofiber
preparation. (c¢) TEM image of (S-) PDCFs-b-PDHF10[PPh3]Br nanofibers drop cast from
THF:iPrOH (9:11, v/v). Scale bar: 1 pm. (d) TEM image of (S-) PDCFs-b-PDHF1¢-b-
PNIPAmseg nanofibers drop cast from THF:MeOH (1:1, v/v). Scale bar: 2 pm. Inset scale
DT 500 MM coviereeeeeeseesseesseeseessesssesssesssees s s s s s e s e 172
Figure 4. 3: (a) Self-assembly of (R-) PDCF11-b-PDHF13[PPh3]Br in THF:iPrOH (11:9, v/v)
to form helical nanofibers. Chemical structure of (R-) PDCF11-b-PDHF13[PPh;]Br and
schematic illustration of the nanofiber preparation. (b) Self-assembly of (R-) PDCF11-b-
PDHF13-b-PEG113 in THF:EtOH (1:1, v/v) to form helical nanofibers. Chemical structure of
(R-) PDCF11-b-PDHF13-b-PEG113 and schematic illustration of the nanofiber preparation.

xiil



(c) TEM image of (R-) PDCF11-b-PDHF13[PPh3]Br nanofibers drop cast from THF:iPrOH
(11:9, v/v). Scale bar: 1 pm. (d) TEM image of (R-) PDCF11-b-PDHF13-b-PEG113 nanofibers
drop cast from THF:EtOH (1:1, v/v). Scale bar: T M. ....oneeeereeseeseeesseeeesseessessessesssenes 174
Figure 4. 4: (a) CD and absorption spectra of (R-) PDCF11-b-PDHF13[PPh3]Br unimers in
THF (grey traces) and fibers in THF:iPrOH (11:9, v/v) (teal traces). Inset: cartoon
illustrations of the (R-) PDCF11-b-PDHF13[PPh;3]Br unimers and helical nanofibers. (b) CD
and absorption spectra of (S-) PDCF¢-b-PDHF1o[PPh3]Br unimers in THF (grey traces) and
fibers in THF:iPrOH (9:11, v/v) (purple traces). Inset: cartoon illustrations of the (S-)
PDCF¢-b-PDHF1o[PPh3]Br unimers and helical nanofibers. Sample concentrations: 0.02
INE ML e 176
Figure 4. 5: (a) AFM height image of helical fibers prepared by the CDSA of (S-) PDCFs-b-
PDHF10[PPh;3]Br in THF:iPrOH (9:11, v/v) drop cast on to a carbon-coated copper mica.
Scale bar: 400 nm. Inset: cartoon of (S-) PDCFs-b-PDHFio[PPh3]Br helical fibers.
Corresponding height traces for the AFM image along (b) coronal region and (c) fiber core.

Figure 4. 6: Schematic illustration of the seeded growth protocol employed to prepare
low dispersity (S-) PDCF¢-b-PDHF10-b-PNIPAmeg nanofibers in THF:MeOH (1:1, v/v). TEM
images of the (b) polydisperse helical fibers prepared in THF:MeOH (1:1, v/v) and (c) the
seed micelles (Ln,= 38 nm, L./Ln,= 1.08) prepared by sonication of the polydisperse fibers
at 0 °C for 1 h. The unimer was added as a solution in THF. AFM and TEM images of
nanofibers of controlled length prepared by the seeded growth of (S-) PDCFs-b-PDHF10-
b-PNIPAmeg BCPs from seed micelles with mynimer/Mseed Values of (d) 4, (e) 6 and (f) 12.
Scale bars: (b), (e), (f) 1 pm, (c), (d) 500 nm. (g) Graph of micelle number-average length
(Ln) against unimer-to-seed ratio (Munimer/Mseed) Showing a linear correlation................ 179

Figure 5. 1: Chemical structures of the polymers used in this investigation.
PDHFB[PPh3] BI‘, PDHFz7[PPh3]BI‘, PDHF14-b-PEG227 and PDHF17-b-P2VP250. ..................... 204

Figure 5. 2: (a) Schematic illustration of the preparation of fiber-like micelles from CDSA
of PDHF[PPh3]Br via poor solvent addition. Self-assembly of PDHFg[PPhs]Br in (b)
THF:MeOH (1:1), (c) THF:EtOH (1:1), (d) THF:iPrOH (1:1), (e) THF:MeOH (2:3), (f)
THF:EtOH (2:3) and (g) THF:iPrOH (9:11). Scale bars: 4 fm. .......ccneenmeeneeseesneernserssessneens 205

Figure 5. 3: Ribbon-like micelles and rectangular platelet micelles from CDSA of
PDHF[PPh3]Br. Self-assembly of PDHFs[PPh;3]Br in (a)-(b) THF:DMSO (9:11), (c)-(e)
THF:DMSO (7:13) and (f) THF:DMSO (1:3). Scale bars: 5 P, ....ccoeereenreereenserseeseeressesseeees 207

Figure 5. 4: Schematic representation of the different orientations of (a) fiber-like and
(b) platelets PDHF micelles relative to a substrate. (c) TEM and (d) AFM height image of
fibers and platelets prepared by the CDSA of PDHFg[PPh3]Br in THF:DMSO (2:3, v/v) drop
cast on to a carbon-coated copper mesh grid or silicon wafer, respectively. (e)
Corresponding height traces for the AFM image. The platelet analyses were collected from
the pink traces and the fiber analyses from the blue traces. Scale bars: (c) 4 pum and (d) 2

Figure 5. 5: Normalized (a) UV-Vis and (b) photoluminescence spectra of PDHFg[PPh3]Br
fibers in THF:iPrOH (9:11, v/v) (blue traces), seeds prepared by the sonication of fibers
at 20 °C in THF:iPrOH (9:11, v/v) (grey traces), platelets in THF:DMSO (7:13, v/v) (pink
traces). Aex = 380 nm. Inset: Photograph of PDHFg[PPh3]Br fibers in THF:iPrOH (9:11, v/v)
(left), seeds in THF:iPrOH (9:11, v/v) (middle) and platelets in THF:DMSO (7:13, v/v)
(right) under UV light (365 NIM). ..o seesssssssessssssessssesssessesssssssssssessanes 210

Figure 5. 6: Schematic illustration of the seeded growth protocol employed to prepare
low dispersity PDHFg[PPh3]Br 1D micelles in THF:iPrOH (9:11, v/v). The unimer was
added as a solution in THF. (b) TEM images of PDHFg[PPh;]Br seed micelles (L,= 195 nm,
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Lw/Ln=1.04) and (c) corresponding histogram of the contour length distribution. (d) TEM
image of low dispersity 1D micelles (L,= 899 nm, L.,/L,= 1.01) prepared by the seeded
growth of PDHFg[PPh3]Br unimer from seed micelles (L,= 195 nm, L./L,= 1.04) with a
Munimer/Mseea Value of 4 and (e) corresponding histogram of the contour length
distribution. SCale Dars: 1 PIML e ssss s ssesssssssssssssssssaess 212

Figure 5. 7: (a) Schematic illustration of the seeded growth of PDHFi4-b-PEG27 or
PDHF17-b-P2VP350 unimers from PDHFg[PPh3]Br seeds. TEM images of branched scarf-
like micelles prepared by the seeded growth of (b) PDHF14-b-PEG227 or (c) PDHF17-b-
P2VP2s50 unimers from PDHFg[PPh3]Br seeds (Ln=97 nm, Lw/L,= 1.13) with a Munimer/Mseed
value of (b) 10 or (c) 20 in (b) THF:iPrOH (1:1, v/v) or (c) THF:EtOH (1:1, v/v). Scale bars:
2 um, inset scale bars: 1 um. A = PDHFg[PPh;3]Br, B = PDHF14-b-PEG227 and C = PDHF;7-b-
P2VP250. civtuiiruessssissessss s sss bbb bR RS 214

Figure 5. 8: (a) Schematic illustration of the seeded growth of PDHF17-b-P2VP250 unimers
from PDHFg[PPh3]Br seeds TEM images of branched scarf-like micelles prepared by the
seeded growth of PDHF17-b-P2VP;50 unimers from PDHFg[PPh;]Br seeds (L,= 97 nm,
Lw/Ln= 1.13) with a Mynimer/Mseed Value of (b) 0, (c) 10, (d) 20, (e) 30, and (f) 40 in
THF:EtOH (1:1, v/v). Scale bars: (b)-(e) 2 um and (f) 1 pm, inset scale bars: 1 pum. (g) A
plot showing the dependence of fiber tassel length on the unimer-to-seed mass ratio.215

Figure 6. 1: (a) Chemical structures depicting the different chain conformations of
poly(di-n-alkylfluorenes). (b) B-phase accessibility depending on side-chain length. UV-
vis (c) and photoluminescence (d) spectra of different chain conformations of poly(di-n-
alkylfluorenes) (glassy phase = blue traces; crystalline phase = black traces; 3-phase =red
traces). Adapted with permission from ref 13. ... 246
Figure 6. 2: PDOF nanowires with [-phase chain packing prepared by melt-assisted
template wetting. (a) SEM image!® and (b) fluorescence microscopy image of PDOF
nanowires.26 Scale bars: (a) 1 pm and (b) 10 JM. w.ceeenenmermenesessssssssssessssssssssssssses 248
Figure 6. 3: (a) Schematic illustration of the preparation of PDOF-b-PNIPAm fiber-like
micelles in Tol:iPrOH/MeOH/DMSO mixtures via heating to dissolution (80/65/140 °C)
followed by slow cooling to 20 °C. TEM images of PDOF-b-PNIPAm fiber-like micelles in
(b) Tol: iPrOH (1:1, v/v), (c) Tol: iPrOH (1:4, v/v), (d) Tol: iPrOH (1:9, v/v), (e) Tol:MeOH
(1:1, v/v), (f) Tol:DMSO (1:1, v/v) and (g) Tol:DMSO (1:9, v/v). Scale bars: 1 pm. ......... 252
Figure 6. 4: (a) Schematic illustration of the preparation of PDOF-b-PNIPAm fiber-like
micelles in Tol:DMF mixtures via heating to dissolution (140 °C) followed by an
isothermal hold, to help induce crystallization, at 110 °C just below the T, (120 °C)
followed by slow cooling to 20 °C. TEM images of PDOF-b-PNIPAm fiber-like micelles in
(b) Tol:DMF (1:3, v/v), (c) Tol:DMF (1:4, v/v), (d) Tol:DMF (1:5, v/v), (e) Tol:DMF (1:6,
v/v), (f) Tol:DMF (1:7, v/v) and (g) DMF. Scale bars: 500 nm. Inset scale bars: 250 nm.

Figure 6. 5: TEM images of PDOF-b-PNIPAm fiber-like micelles prepared in Tol:DMF (1:9,
v/v) by heating at 140 °C for 30 min, cooling to and held at (a) 110 °C, (b) 90 °C and (c)
70 °C for 4 h before slow cooling to 20 °C and ageing for 24 h.......nenneeneenecneennns 254
Figure 6. 6: Optical spectroscopy data of PDOFi;-b-PNIPAmsg in different ratios of
Tol:DMF (v/v). (a) UV-vis and (b) photoluminescence spectra illustrating the change in 3-
phase content with different amounts of poor solvent for PDOF. From the UV-vis spectra
the absorbance for the glassy-phase (Ag dark grey line) and (3-phase (Ag, black line) are
marked. From the photoluminescence spectra the Io.o vibronic band for the glassy-phase
(light grey line), lo.o vibronic band for the (3-phase (dark grey line) and Io.1 vibronic band
for the B-phase (black line) are Marked. ... seesss s seessessesssesees 256
Figure 6. 7: Graph showing the percentage of 3-phase content observed in micelles
prepared in Tol:DMSO mixtures with varying DMSO content. B-phase content was
calculated from EQUAtION 1. sssssssssssssssssssssssssssssssssssssssssssaness 257
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Figure 7. 1: (a) Schematic representation of the preparation of metal nanoparticle-1D
helical conjugated nanofiber hybrid. (b) Illustration of the helical arrangement of metallic
nanoparticle (NP) templated by the nanofiber. Plasmonic resonance exhibited by the
metallic NPs is depicted by the pinKk regions......neneneenneneeeseeseseesessesseeseessessesssesees 286

Figure S2. 1: MALDI-TOF mass spectrum of Br/H-capped PDHFs homopolymer aliquot,
M+ = 2738 Da. The low intensity peak distribution corresponds to H/H-capped PDHFg

homopolymer. The mass of each PDHF repeat unit is 332 g molL. ......conmnmeenneeseenecnnns 74
Figure S2.2:1H NMR spectrum of PDHFs-b-P3EHT25-b-PEG113 (400 MHz, CDCl3). Residual
CHCI; (6 = 5.30 ppm) and H;0 (6 = 1.56 ppm) are marked with an *.........cccoermrrrerreernens 76

Figure S2. 3: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br
(0.1 % w/w) (1 mL min?) at 35°C of PDHFs homopolymer (black trace), alkyne-
terminated PDHFg-b-P3EHT,5 diblock copolymer (red trace) and PDHFg.b-P3EHT>s-b-
PEG113 triblock copolymer (DIUE trace). ... ieenesinessssssssssesssssesssssssssssssessssssssssssssssssssesns 77

Figure S2. 4: Normalized solution-state UV-vis spectra of P3EHT,5s homopolymer in
THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9, v/v) (red trace) and
normalized solution-state photoluminescence spectrum of PDHFg-b-P3EHT;5-b-PEG113
unimers in THF (blue trace, marked FI = fluorescence intensity), Aex = 380 nm. The
spectrum in THF:MeOH (1:9, v/v) was obtained rapidly after dilution of the THF:MeOH
(1:1, v/v) sample with MeOH and before precipitation occurred.......coneereneerneneesreeneenes 81

Figure S2. 5: Photographs of a solution of P3EHT,3 homopolymer in (a) THF, (b)
THF:MeOH (1:1,v/v) and (c) THF:MeOH (1:9, v/v) with a laser pen to monitor the Tyndall
effect. The Tyndall effect was only observed in THF:MeOH (1:9, v/v). (d) Solution-state
UV-vis spectra of P3EHT23 homopolymer in THF (blue trace) and THF:MeOH (1:1, v/v)
(purple trace) and as a colloidal suspension in THF:MeOH (1:9, v/v) (red trace). (e)
Solution-state UV-vis spectra of PDHFg-b-P3EHT25-b-PEG113 in THF (blue trace),
THF:MeOH (1:1, V/V) (PUIPIE LrACE). ceuriureureeeerrerrnesseieeseessessessessessssssesssssesssessssssssssssssssssssssssssssssanss 81

Figure S2. 6: Normalized solution-state UV-vis spectra of PDHFg-b-P3EHT5-b-PEG113
unimers in THF (blue trace) and nanofibers in THF:MeOH (1:1, v/v) (purple trace) and in
THE:MeOH (1:9, V/V) (T€d trACE). cerreureeereeereereererseesseesseesseesssesssesssesssssssesssssssssssssssssssssssssessssssssssssssnes 82

Figure S2. 7: (a) Schematic illustration of the preparation of PDHFg-b-P3EHT5-b-PEG113
seed micelles in THF:MeOH (1:1, v/v). (b) TEM image of PDHFg-b-P3EHTs5-b-PEG113 seed
micelles (L, = 68, Lw/L, = 1.08) prepared by sonication of polydisperse micelles in
THF:MeOH (1:1, v/v). Scale bar: 500 nm. (c) Histogram of the contour length distribution
of PDHFg-b-P3EHT 25-D-PEG113 S€€d MICEIIES....ooieeieeereeeeereereireeesreiecese e ssessessneseenns 82

Figure S2. 8: Histograms representing contour length distributions of nanofibers
prepared by the seeded growth of PDHFs-b-P3EHT25-b-PEG113. Inset legend shows the
mass equivalents of unimer added to seed micelles. ......cconenennennreneennenessseeeeeeeeseeane 83

Figure S2. 9: TEM image of nanofibers of controlled length (L,= 1765 nm, Lw/L,= 1.01)
prepared by seeded growth of PDHFs-b-P3EHT25-b-PEG113 BCPs from seed micelles (Ln=
68 nm, Ly /Ly= 1.08) with Munimer/Msecea values of 30. Scale bar: 2 um. A fiber presumably
formed by self-nucleation (ca. 300 nm) is circled in red........eeeeeenn. 84

Figure S2. 10: (a) Schematic illustration of the secondary crystallization of P3EHT in
THF:MeOH (1:9, v/v). TEM image of (b) PDHF-b-P3EHT-core forming nanofibers in
THF:MeOH (1:9, v/v). Scale bar: 1 um. Photograph of a solution of PDHFg-b-P3EHT>s5-b-
PEG113 nanofibers in THF:MeOH (1:9, v/v) under (c) visible light and (d) UV light (365
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Figure S2. 11: Histograms representing fiber width distributions of PDHFg-b-P3EHT2s-b-
PEG113 nanofibers in THF:MeOH (1:1, v/v) (blue) and THF:MeOH (1:9, v/v) (red). In
THF:MeOH (1:1, v/v) W, = 14 nm, W,/W,, = 1.04 and in THF:MeOH (1:9, v/v) W, = 24 nm,
Wi/ Wiy = 1L02Z. et esss st sss bbb 85

Figure S2. 12: Solution-state photoluminescence spectra of PDHFg-b-P3EHT25-b-PEG113
nanofibers in THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9, v/v) (red trace)
after dialysis, concentration = 0.01 mg mL-L. Aex = 380 DML cooceeeereenreereererenreeseese e 85

Figure S2. 13: (a) Solution-state WAXS spectrum of PDHFg-b-P3EHT25-b-PEG113
nanofibers in THF:MeOH (1:9, v/v). The large broad background peak arises from solvent
scattering. Experimental observed q values were assigned to previously reported q values
for crystalline P3EHT shown in brackets,> at q = 0.56 (0.63), 0.78 (0.84), 1.09 (1.19), 1.24
(1.30) A-L. The discrepancies are attributed to the location of the peaks for the BCP on the
slope of the broad background peak. Peaks for the inner crystalline PDHF core were not
detected presumably due to the low volume fraction. (b) Solid-state WAXS spectrum of
bulk PDHFs-b-P3EHT,5 BCP. Experimental q values are assigned to previously reported q
values for crystalline PDHF shown in brackets,! at q = 0.41 (0.41), 0.71 (0.71) and 1.37
(1.35) A-1. Experimental observed q values are assigned to previously reported q values
for crystalline P3EHT shown in brackets,> at q = 0.82 (0.84), 0.97 (1.01), 1.15 (1.19), 1.47
(1.50), 1.64 (1.61) and 1.76 (1.78) A-1. The discrepancies are attributed to the location of
the peaks for the BCP on the slope of the broad amorphous halo. Previously reported
P3EHT q values are quoted from Table S1.5...... e sssessseesseeens 86

Figure S2. 14: (a) Histograms representing fiber length distributions of PDHFg-b-
P3EHT25-b-PEG113 nanofibers in THF:MeOH (1:1, v/v) (blue) and THF:MeOH (1:9, v/v)
(red). TEM images of low dispersity PDHFg-b-P3EHT25-b-PEG113 nanofibers in THF:MeOH
(1:1,v/v) L, =527 nm, L,/Lw = 1.02 and in THF:MeOH (1:9, v/v) L, =524 nm, L,/Lw = 1.03.
N Yor=1 L o) or A T o VPP 86

Figure S2. 15: Normalized solution-state photoluminescence spectra of P3EHT:3
homopolymer in THF (blue trace), in THF:MeOH (1:1, v/v) (purple trace) and in
THF:MeOH (1:9, v/v) (red trace) . For the photoluminescence spectra, Aex = 380 nm. The
spectrum in THF:MeOH (1:9, v/v) was obtained rapidly after dilution of the THF:MeOH
(1:1, v/v) sample with MeOH and before precipitation occurred........nnennens 87

Figure S2. 16: Histograms representing fiber width distributions of B-A-B segmented
nanofibers (A: L, = 124 nm, L,,/L, = 1.05; B-A-B: L, =507 nm, L/ L, = 1.02) in THF:MeOH
(1:9, v/v). For the central A segment (blue) W, = 14 nm, W,/W,, = 1.04 and for the
terminal B segments (red) Wy = 24 nm, Wn/Wy = 1.0 T seeeseessessessesnees 87

Figure S2. 17: (a), (c) AFM images of uniform B-A-B segmented nanofibers (A: L, = 247
nm, Ly/Ly = 1.04; B-A-B: L, = 739 nm, L./ L, = 1.02) drop cast from THF:MeOH (1:9, v/v)
on to mica. (b), (d) Height traces corresponding with AFM images in (a) and (c)
respectively. (e), (f) 3D rendering of topological data. .......cccuereermeermeemseesseesseesserseeseesseesseeenns 88

Figure S2. 18: (a) AFM height image and (c) adhesion profile image of uniform B-A-B
segmented nanofibers (A: L, = 124 nm, Ly/L, = 1.05; B-A-B: L, = 507 nm, Lv/ L, = 1.02)
drop cast from THF:MeOH (1:9, v/v) on to mica. (b), (d) 3D rendering of topological data
of (a) and (c) respectively. (e¢) Adhesion profile traces corresponding with AFM image (c).

Figure S2. 19: TEM image of uniform A-B-A segmented nanofibers (B: L,= 396 nm, L./
Ly,= 1.05; A-B-A: L,= 2785 nm, Lw/ L, = 1.04) drop cast from THF:MeOH (1:9, v/v). Right
inset highlights the different segments, A = PDHF14-b-PEGz27 and B = PDHFg-b-P3EHT;s5-
=P EG113: trreueesseeseeueesseesseesseessessssesseesssessseesseessesssse s s ss s sese e e s s e b e bR R e E e ae R b e eees 90

Figure S2. 20: Histograms representing fiber width distributions of A-B-A segmented
nanofibers (B: Ly= 396 nm, L/ Ly,= 1.05; A-B-A: L,= 2785 nm, Ly/ L, = 1.04) in THF:MeOH
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(1:9, v/v). For the terminal A segments (blue) W, = 17 nm, W,/W,, = 1.03 and for the
central B segment (red) Wy = 27 nm, Win/Wy = 1.02. coeecrereeseeseeseesseesssesssesssessseesseesnas 90

Figure S3. 1: MALDI-TOF mass spectrum of alkyne-capped PDHF17;, M* = 5758 Da. The

mass of each PDHF repeat unit is 332 g MOl L. seeseenes 120
Figure S3. 2: 1H NMR spectrum of alkyne-terminated PDHF17 (500 MHz, CDCl3). Residual
H20 is Marked With @n . ...t ss s ss s s s 120
Figure S3. 3: 'H NMR spectrum of azido terminated P2VP25, (500 MHz, CDCl3). NMR
solvent residual signal marked by a CDCl3z label........coecnenneneenee e seneseeens 121
Figure S3. 4: 'H NMR spectrum of PDHF17-b-P2VP;5¢ (500 MHz, CDCl3). NMR solvent
residual signal marked by @ CDCl3 1abel. ...t ssesssesees 123

Figure S3. 5: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br
(0.1 % w/w) (1 mL min-1) at 35 °C of PDHF17 homopolymer (blue trace) and PDHF17-b-

P2VP250 (PUIPLE tIACE). cuurrrerrienesrsresssesssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssnssnes 123
Figure S3. 6: MALDI-TOF mass spectrum of proton-capped PDHF1shomopolymer aliquot.
The mass of each PDHF repeat unit is 332 g Mol -L.....cnereeneseeseeeseeeseesesssessseesseseseeens 125

Figure S3. 7: 1H NMR spectrum of PDHF-b-PDHF-r-PDBHF (500 MHz, CDClz). NMR
solvent residual signal marked by a CDCI; label and residual H,0 is marked with an *.

Figure S3. 8: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br
(0.1 % w/w) (1 mL/min) at 35 °C of PDHF15s homopolymer (blue trace) and PDHF-b-
PDHF-1-PDBHF (SIEEIN traCE). cuureuureueeeeerreerseesseesssesssesseessesssesssessssessssssessssssss s sssssssesssssssssssssssssseses 126
Figure S3. 9: (a), (b) Bright-field TEM images of synthesized CdSe QRs. The CdSe QRs
have dimensions of 12 # 2 nm in length, and 4 + 1 nm in width. (c), (d) Bright-field TEM
images of MOA-CdSe QRs, indicating no observable change after ligand exchange process.

Figure S3. 10: (a) Bright-field TEM images of commercial CdSe QDs. The diameter of CdSe
QDs is 4 *+ 0.5 nm. Scale bar = 20 nm (inlet). (b) Bright-field TEM images of MUA-CdSe
QDs, indicating no observable change after ligand exchange process. Scale bar = 20 nm
(ITISEL). toeueureeureereeureeseeuses s e setase e ea b s b s bR E Se £ E RS e R e AR bbb 133

Figure S3. 11: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of from PDHF14-b-PEG227 block copolymers in THF: MeOH (1:1,
v/v). TEM images of (b) seed nanofibers and (c), (d) monodisperse nanofibers of
controlled length prepared by seeded growth of PDHF14-b-PEG227 block copolymers. (b)
Ln =22 nm, Ly/Ln = 1.13. () (Ln = 109 nm, Ly/Ln = 1.09). (d) Ly = 497 nm, L,/L, = 1.05.
Scale bars: (b) 250 nm, (c) 500 nm and (d) 1 PM .. seessessessessssaes 133
Figure S3. 12: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of PDHF17-b-P2VP2s50 block copolymers in THF: MeOH (1:1,
v/v). Histograms representing contour length distributions of nanofibers prepared by the
seeded growth of PDHF17-b-P2VP;50 with mynimer/Mseea Values of (b) 2, (c) 4, (d) 5, (e) 10
and (f) 15. (g) Graph of micelle length (L) against unimer-to-seed ratio (Munimer/Mseed)
Showing a liNear COTTEIAtION. ...ttt ss s es s saeees 134
Figure S3. 13: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of PDHF17-b-P2VP2s50 in THF: MeOH (1:1, v/v). Bright-field TEM
images of nanofibers prepared by the seeded growth of PDHFi7-b-P2VP;50 with
Munimer/Mseed Values of (b) 2, (c) 4, (d) 5, (e) 10 and (f) 15. Scale bars: 1 pm......ccocveeunnenn. 135

Figure S3. 14: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse B-A-B nanofibers of PDHF17-b-P2VP2s59 (B) from PDHF14-b-PEG227 (A) in
THF: MeOH (1:1, v/v). Histograms representing contour length distributions of
nanofibers prepared by the seeded growth of PDHF17-b-P2VP250 with muynimer/Mseed Values
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of (b) 1, (c) 2, (d) 4, (e) 6, (f) 8 and (g) 10. (h) Graph of micelle length (L,) against unimer-
to-seed ratio (Munimer/Mseed) Showing a linear correlation. ... 136
Figure S3. 15: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse B-A-B nanofibers of PDHFi7-b-P2VP250 from PDHF14-b-PEG227 in THF:
MeOH (1:1, v/v). TEM images of nanofibers prepared by the seeded growth of PDHF;7-b-
P2VP2s50 with Munimer/Mseed Values of (b) 1, (c) 2, (d) 4, (e) 6, (f) 8 and (g) 10. Scale bars:
(b)-(c) 500 NM and (d)-(8) 1 LML weveereeerreemreeseesreesseesseessseesseesseesseesssesssesssesssessssessesssssssesssesssssssssssessaes 137
Figure S3. 16: (a) Schematic illustration of the seeded growth protocol employed to
prepare monodisperse B-A-B nanofibers of PDHFi5-b-QPFi¢ from PDHF14-b-PEG2;7 in
THF: MeOH (1:1, v/v). Bright-field TEM images of nanofibers prepared by the seeded
growth of PDHF17-b-QPF16 with mMunimer/Mseed Values of (b) 1, (c) 2, (d) 4. Scale bar = 200
nm (inset). Histograms representing contour length distributions of nanofibers prepared
by the seeded growth of PDHF15-b-QPF16 with Munimer/Mseea values of (e) 1, (f) 2, and (g) 4.
(h) Graph of micelle length (L.) against unimer-to-seed ratio (Munimer/Mseed) Showing a
HINEAT COTTEIATION. covureeieeeeeeereeee et seee e st s s s bbb 138
Figure S3. 17: (a) Schematic illustration of the seeded growth protocol employed to
prepare monodisperse C-B-A-B-C nanofibers of PDHF15-b-QPF1c from B-A-B seedsin THF:
MeOH (1:1, v/v). TEM images of nanofibers prepared by the seeded growth of PDHF;7-b-
QPF16 with Munimer/Mseea Values of (b) 1, (c) 2, (d) 3. Histograms representing contour
length distributions of nanofibers prepared by the seeded growth of PDHF15-b-QPF1¢ with
Munimer/Mseed Values of (e) 1, (f) 2, and (g) 3. (h) Graph of micelle length (L.) against
unimer-to-seed ratio (Munimer/Mseed) Showing a linear correlation........overeneeeneeneenns 140
Figure S3. 18: (a) Schematic illustration of the decoration of monodisperse PDHF;7-b-
P2VP;50 nanofibers with CdSe QDs (Aem=575 nm). (b), (d) Bright-Field STEM and (c), (e)
Low-Angle Annular Dark-Field (LAADF) STEM images of CdSe QDs decorated PDHF17-b-
P2VP;50 nanofibers (L, = 377 nm, Ly /L, = 1.10). (f), (g) TEM images of CdSe QDs decorated
PDHF17-b-P2VP350 nanofibers (L, = 653 nm, Lw/Ln = 1.10). Scale bars (b) and (c): 300 nm;
(d) and (€) 400 nm; () AN (8) 1 LML ceureeereeureerreeereeeseeeseesseesseesseesssesssesssessssesssessssssessessssssssssssssssssanes 141
Figure S3. 19: (a), (e) LAADF STEM images of CdSe QDs decorated PDHF17-b-P2VP;s50
nanofibers (L, = 377 nm, Lw/L, = 1.10). SEM-EDS mapping images of the elementary
distribution of (b), (f) Nitrogen, (c), (g) Selenium and (d), (h) Cadmium. .....cccoeeererrreuruenn. 142
Figure S3. 20: (a) Schematic illustration of the decoration of monodisperse B-A-B
nanofibers with CdSe QDs (Aem=575 nm). (b) LAADF STEM images of CdSe QDs decorated
B-A-B nanofibers (A: L, = 497 nm, L/L, = 1.05; B-A-B: L, = 823 nm, Lw/L, = 1.06). SEM-
EDS mapping images of the elementary distribution of (c) Carbon, (d) Nitrogen and (e)
Cadmium. The SEM-EDS mapping image of Cadmium is below the detection limit for the
000 DY) DTS 142
Figure S3. 21: (a) Schematic illustration of the decoration of monodisperse C-A-C
nanofibers with CdSe QRs (Aem = 610 nm). Bright-field TEM images of hybrid C-A-C
nanofibers (b, A: L, = 330 nm, Ly/L, = 1.06; C-A-C: L, = 510 nm, Ly /L, = 1.06, ¢, A: L, =
2110 nm, Lw/Ls = 1.06; C-A-C: L, = 2285 nm, Lw/L, = 1.07). LAADF STEM and SEM-EDS
mapping images of hybrid C-A-C nanofibers (A: L, = 330 nm, Lw/L, = 1.06; C-A-C: L, =510
nm, Lw/Ln = 1.06). Elementary distribution of (d), (g), Carbon, (e), (h), Cadmium, and (f),
(1), Selenium in region 1, 2 of the hybrid C-A-C nanofiber, respectively. .......ccmereereeen. 143
Figure S3. 22: (a) Schematic illustration of the selective decoration of monodisperse C-
B-A-B-C nanofibers with CdSe QDs (Aem = 570 nm) on B segments. (b), (e), (h) LAADF
STEM images of a typical hybrid C-B-A-B-C nanofiber (A: L, = 109 nm, L.,/L, = 1.06; B-A-
B: Ly, =793 nm, Lw/L, = 1.07, C-B-A-B-C: L, = 1135 nm, Ly/Ln = 1.07). Scale bar = 300 nm
(b), 100 nm (e), (h). SEM-EDS elementary distribution mapping images of (c) Carbon and
(d) Nitrogen of the hybrid C-B-A-B-C nanofiber. Scale bar = 300 nm. SEM-EDS elementary
distribution mapping images of (f), (i), Selenium, and (g), (j), Cadmium in region 1 and 2
of the hybrid C-B-A-B-C nanofiber, respectively. Scale bar = 100 nm. .....ccouueenrnrereerseereenn. 144
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Figure S3. 23: (a) Schematic illustration of the selective decoration of monodisperse C-
B-A-B-C nanofibers with CdSe QRs (Aem= 610 nm) on C segments. (b), (e), (j), LAADF STEM
images of a typical hybrid C-B-A-B-C nanofibers (A: L, = 109 nm, Ly/L, = 1.06; B-A-B: L, =
315 nm, Lw/L, = 1.06, C-B-A-B-C: L, = 615 nm, Ly/L, = 1.07). Scale bar = 300 nm (a), 100
nm (e), (j)- SEM-EDS mapping elementary distribution images of (c) Carbon and (d)
Nitrogen of the hybrid C-B-A-B-C nanofiber. Scale bar = 100 nm. SEM-EDS elementary
distribution mapping images of (f), (k), Carbon, (g), (i), Nitrogen, (h), (m), Selenium, and
(1), (n), Cadmium in region 1 and 2 of the hybrid C-B-A-B-C nanofiber, respectively. Scale
DAT = 100 NIMeuitiiriereireieesseeees s s esss s s e bbb s s R s 145
Figure S3. 24: (a) Schematic illustration of the selective decoration of monodisperse C-
B-A-B-C nanofibers with CdSe QDs and QRs on different segments. (b), (e), (f) LAADF
STEM image of a typical hybrid C-B-A-B-C nanofiber (A: L, = 109 nm, L, = 793 nm, L/Lx
= 1.07, C-B-A-B-C: L, = 1135 nm, Ly/L, = 1.07). Scale bar = 300 nm (b), 100 nm (e), (f).
SEM-EDS elementary distribution mapping images of (c) Carbon and (d) Nitrogen of the
hybrid C-B-A-B-C nanofiber, showing the QDs and QRs attached to the B and C segments
respectively. Scale bar = 100 NIM. ..t naees 146

Figure S3. 25: (a), (b), (c) LAADF STEM images of a typical hybrid C-B-A-B-C nanofibers
(A: L, =109 nm, L, = 793 nm, Lw/L, = 1.07, C-B-A-B-C: L, = 1135 nm, Lw/Ls = 1.07). Scale
bar =300 nm (a), 100 nm (b, c). SEM-EDS elementary distribution mapping images of (d),
(g), Carbon, (e), (h), Selenium, and (f), (i), Cadmium in region 1 and 2 of the hybrid C-B-A-
B-C nanofiber, respectively. Scale bar = 100 NIM. ..o ssesssesseeseeans 147
Figure S3. 26: (a) Schematic illustration of the decoration of monodisperse C-A-C
nanofibers with CdSe QRs (Aem=610 nm). (b) LAADF STEM images of CdSe QRs decorated
triblock hybrid C-A-C nanofibers (L, = 510 nm, Lw/L, = 1.06). Scale bar, 500 nm. STEM
images of the triblock hybrid C-A-C decorated nanofiber with different quantities of CdSe
QRs prepared from (c) adding 2 pL, 1 mg mL-* CdSe QRs in H,0:EtOH (1:1, v/v) to 1 mL
0.1 mg mL-1 triblock hybrid C-A-C nanofiber, (d) adding 20 pL, 1 mg mL-1 CdSe QRs in
H,0:EtOH (1:1, v/v) to 1 mL 0.1 mg mL-1triblock hybrid C-A-C nanofiber, and (e) adding
40 pL, 1 mg mL-1 CdSe QRs in H,0:EtOH (1:1, v/v) to 1 mL 0.1 mg mL-1 triblock hybrid C-
A-C nanofiber. Scale bar, 200 NIN. .o s s e e s ss s asaas 148
Figure S3.27: (a) Schematic illustration of the addition of CdSe QRs to a mixture of PDHF-
b-PEG (A) nanofibers and PDHF-b-QPF (C) nanofibers in Water: EtOH (1:1, v/v). (b)
Fluorescence spectra of a mixture of PDHF-b-PEG nanofibers (L, = 41 nm, Ly/L, = 1.06)
and PF-b-QPF nanofibers (L, =51 nm, Ly/L, = 1.07) with different added amounts of CdSe
QRs (0 to 50 wt. % relative to nanofibers), indicating the maximum quenching of PDHF
crystalline core donor emiSSioN (40 90). ...eeneenmeemeeseesseesseesssessessesssessssesssssssssesssesssessssssssssns 149
Figure S3. 28: PLE spectrum of hybrid C-A-C nanofibers (solid blue trace, 0.1 mg mL1)
and a control sample of C-A-C triblock nanofibers (solid black trace, 0.1 mg mL-1) without
QRs attached as quenchers in H,0:MeOH (1:1, v/v) detected at 610 nm emission. The
spectrum shows that a proportion of the excitation spectrum of the hybrid C-A-C
nanofibers originates from the direct emission of PDHF. As indicated in Figure 4a, the
emission of PDHF from the hybrid C-A-C nanofiber samples can be quenched ca. 85%. This
means the contribution of direct polyfluorene emission at 610 nm in PLE spectrum of
hybrid C-A-C nanofibers equals to ca. 15% intensity of the PLE spectrum from the C-A-C
nanofibers (0.1 mg mL-1). The spectrum is corrected (dashed blue trace) by deduction of
the direct emission from PDHF, which is used to calculate the absorption spectrum of
effective hybrid C-A-C nanofibers in FIgure 4d. ... eeseseeseeseeseessesssesssseenees 150

Figure S3. 29: TA map of unloaded C-A-C nanofibers (A: L, = 87 nm, Ly/L, = 1.05; C-A-C:
Ly, =152 nm, Lw/Ln = 1.07). The pump wavelength is 400 nm, with an excitation fluence of
3uJ/cmz2. data has been background-corrected, chirp-corrected, and a bilateral filter with
a Gaussian kernel has been used to remove eXcessive NOISE. ....erreesreesreesseesssersesseesseees 151
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Figure S3. 30: TA map of C-A-C nanofibers (A: L, = 87 nm, Lw/Ln = 1.05; C-A-C: L, = 152
nm, Lw/L, = 1.07) with 50 wt. % loading of CdSe QRs relative to nanofibers. The pump
wavelength is 460 nm, with an excitation fluence of 4uJ/cm? to account for the lower
absorption of the QRs at 460 nm versus 400 nm. This fluence results in roughly the same
maximum QR exciton density being reached when the hybrid ensemble is excited at 400
nm. (see Figure S3. 31). The data has been background-corrected, chirp-corrected, and a
bilateral filter with a Gaussian kernel has been used to remove excessive noise. ........... 152
Figure S3. 31: TA map of C-A-C nanofibers (A: L, = 87 nm, Ly/L, = 1.05; C-A-C: L, = 152
nm, Lw/L, = 1.07) with 50 wt. % loading of CdSe QRs relative to nanofibers. The pump
wavelength is 400 nm, with an excitation fluence of 3 u]/cm2 The data has been
background-corrected, chirp-corrected, and a bilateral filter with a Gaussian kernel has
been used t0 remMOVE EXCESSIVE NOISE....uurrerereereerereesseeseessessessseesesssesssssse s ssssssssssssesssssssssssssssssesas 152

Figure S3. 32: Blue line: TA spectra (averaged from 1-50 ps) of hybrid ensemble excited
at 460 nm (figure S30), giving the QR TA spectrum. Orange line: TA spectra (averaged
from 1-50 ps) of hybrid ensemble excited at 400 nm (figure S31). Yellow line: orange
spectrum minus % X blue spectrum, with factor of %2 to account for the slightly higher QR
exciton density at 1-50 ps with 460 nm excitation. This yellow spectrum gives the PDHF
spectrum. The PDHF spectrum was extracted this way since the intrinsic PDHF TA
spectrum may be slightly different in the loaded nanofibers versus the unloaded
nanofibers, and so the subtraction method used here gives the most physically realistic
results for the hybrid enSemDIE......... e saees 153

Figure S3. 33: (a) Extracted exciton population kinetics of: PDHF in (unloaded) C-A-C
nanofibers with 400 nm excitation (purple), giving the intrinsic PDHF dynamics; QRs in
hybrid C-A-C nanofibers after 460 nm excitation (yellow), giving the intrinsic QR
dynamics; PDHF in hybrid C-A-C nanofibers upon 400 nm excitation (blue), showing
shortened lifetime due to energy transfer; and QRs in hybrid C-A-C nanofibers (orange),
with the rise over time demonstrating energy transfer from PDHF to the QRs. The fluence
with 400 nm excitation was 3 pJ/cm2/s in each case, and at 460 nm a fluence of ~4
u/cm?/s was used to account for the QRs’ lower absorption at 460 nm, and so that the
maximum QR exciton concentration in each case was equal. Global fits are shown in each
case using a 3-parameter model i.e. by using equations 7, 8, 9, and 10 for the purple,
orange, yellow, and blue lines respectively. (b) [llustration of 3-parameter model labelled
with extracted time constants from (a). The system shows high transfer efficiency (70+10
%), and excitons are funnelled to the QRs with a time constant of 130 ps. ...cccceveneeureenn. 154

Figure S3. 34: Left panel: TA data of loaded hybrid ensemble excited at 400 nm. Right
panel: reconstruction of data set in left panel using linear regression. An excellent match
between the data and its reconstruction is fouNd.......oeneneneeseeneenee e 155
Figure S3. 35: Peak position of ground-state-bleach (GSB) of QRs in TA for pure solution
of QRs (in EtOH) and for the QRs in the hybrid ensemble (when selectively excited at 460
nm). The peak position is extracted by Gaussian fitting plus a constant of the GSB. The
yellow line is an exponential fit to the C-A-C QR redshift from 2 ps onwards. The grey
shaded area highlights the initial period of carrier cooling in the QRs in the first 2 ps,
complicating any interpretation of this region. However, past 2 ps, the GSB of the QRs in
the hybrid nanofibers show a significant red-shift over time, despite the QRs originating
from the same QR batch as that of the SOIUtION. ... serens 158

Figure S4. 1: MALDI-TOF mass spectrum of H/H-capped (S-) PDCFs homopolymer
aliquot, M* = 2667 Da. The mass of each (S-) PDCF repeat unit is 444 g mol-................. 186

Figure S4. 2: MALDI-TOF mass spectrum of H/H-capped (R-) PDCFi; homopolymer
aliquot, M* = 4889 Da. The low intensity peak distribution corresponds to Br/Br-capped
(R-) PDCF11 homopolymer. The mass of each (R-) PDCF repeat unit is 444 g mol-.......186
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Figure S4. 3: 1H NMR spectrum of (S-) PDCFs-b-PDHFy-yne (500 MHz, CDCls). CDCls (8 =

7.26 ppm) is marked With an ... ————————_—— 187
Figure S4. 4: 'H NMR spectrum of (R-) PDCF11-b-PDHF13-yne (500 MHz, CDCl3). CDCl3 (&
=7.26 ppm) is marked With an *. ...t ss s 187
Figure S4. 5: tH NMR spectrum of (S-) PDCFe-b-PDHF10[PPhs]Br (500 MHz, CDCls3). CDCI3
(6=7.26 ppm) is marked With an *........cc i ——————— 188
Figure S4. 6: 1H NMR spectrum of (S-) PDCF¢-b-PDHF1o-b-PNIPAmss (500 MHz, CDCl3).
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Figure S4. 7: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br
(0.1 % w/w) (1 mL min') at 35 °C of (S-) PDCF¢ homopolymer (grey trace), alkyne-
terminated (S-) PDCFe-b-PDHF1¢ diblock copolymer (red trace) and (S-) PDCFs-b-
PDHF10[PPh3]Br (DIUE tracCe ). uiereernerersnessessesssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssnes 189
Figure S4. 8: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br
(0.1 % w/w) (1 mL min'1) at 35 °C of (S-) PDCF¢ homopolymer (grey trace), alkyne-
terminated (S-) PDCF¢-b-PDHF1 diblock copolymer (red trace) and (S-) PDCF¢-b-PDHF1o-
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Chapter 1 Introduction

Sections of this Introduction Chapter were adapted from:

MacFarlane, L. R.; Shaikh, H.; Garcia-Hernandez, ]. D.; Vespa, M.; Fukui, T.; Manners,
I., Nat. Rev. Mat. 2021, 6, 7-26

1.1. Nanomaterials: Inspiration from Nature

Life is reliant on a number of complex self-assembled systems that operate
on different length scales. Strategies for the synthesis of complex materials have
often drawn inspiration from nature,! which usually employs hierarchical self-
assembly of components, from the molecular to the cosmological scale, to produce
a range of bespoke and intricate systems. Examples include functional materials
for use in areas from therapeutics to optoelectronics, in which the latest research
efforts focus on nanostructured materials.23 Thus, in the pursuit of biologically
integrated electronic devices much inspiration comes from natural skin. Bottom-
up strategies, including self-assembly, are important to mimic skin-like
properties, such as stretchability and the ability to self-heal.4-7 They also permit
the construction of precisely ordered materials on small length scales (10-° - 10-¢

m) for which top-down methods may be unsuitable.13,8-10

1.1.1. Nanoscale and Microscale Ordered Materials in Nature

There are many natural materials whose functionality depend on the nano-
and microscale structure. Iridescence observed on butterfly wings, and in many
other insects and plants, is an example of such a phenomenon.11-13 [ridescent
materials can display multiple arrays of intense colors that are dependent on the
vision angle. In M. cypris and G. oto butterfly wings, these visual effects stem from
photonic crystal-like microstructures with ordered subwavelength structure that
leads to the Bragg scattering of incident light over specific wavelengths (Figure 1.
1).14 These microscale architectures are composed of punctuated nanolayers,
concave pits and micro-ribs with nanoridges.131> Mimicking the iridescence effect
in synthetic materials would be useful for applications in the anti-counterfeiting

and cosmetics industries.16-18
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Figure 1. 1: Photonic Effects in Natural Nanostructures on Butterfly Wings. Photographs showing
the iridescent effect of (a) M. cypris Colombian butterfly wings and (b) G. oto Colombian butterfly
wings. Images of the M. cypris Colombian butterfly wing using an optical microscope with 1x
magnification at (c) 0° and (d) 60° about the normal axis. SEM images at scales of (¢) 100 um and
(f) 1 um. SEM image of the lateral disposition at (g) 10 um. Reproduced with permission from ref
14

1.1.2. Self-Assembly and Hierarchy in Nature

Self-assembly and the hierarchical organization of matter are vital
processes for nature’s success at building important functional materials such as
muscles, bone, and wood. Order is present across multiple length scales in these
materials and this structural hierarchy produces enhanced physical properties
when compared to their constituent components.10

Viruses represent one of the most famous examples of self-assembled
nanoparticles that exist in nature and have evolved into highly efficient vessels for
large-scale human infection. These intricate nanostructures can have remarkable
infection efficacy and in recent times this has hugely impacted our daily lives.1?
The tobacco mosaic virus is composed of well-defined dimensions and presents a

remarkable illustration of hierarchy in nature. The virus core is composed of an
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RNA strand that is encased and protected by a protein coat (termed the capsid).
The capsid is composed of subunits that assemble in a helical arrangement on
binding to the RNA virus core.20

The current ongoing pandemic has been caused by the highly pathogenic
virus SARS-CoV-2 (2020) from the coronavirus subfamily of RNA viruses. The
name ‘coronavirus’ comes from their shape, which is spherical (ca. 80-220 nm in
diameter) and has protein spikes on the periphery that form the characteristic
corona (Figure 1. 2). In the novel SARS-CoV-2 virus, these spikes are coated with
sugars that camouflage the virus from the human immune system enabling the
virus to go undetected, a process termed glycan shielding.2! Combined with the
conformational masking effect exhibited by the spike glycoprotein trimers, which
are responsible for cell entry, these behaviours account for a severe delay in the
immune response of hosts. These properties are believed to be unique to the most
pathogenic strains of coronavirus, such as SARS-CoV-2, SARS-CoV and MERS-
CoV.21
@

SARS-CoV-2 (2020)

Figure 1. 2: False coloured images of (a) avian influenza virus (Hong Kong, 1997), (b) SARS
coronavirus (China, 2002), (c) swine influenza virus (Mexico, 2009), (d) MERS coronavirus (Saudi
Arabia, 2012) and (e) SARS-CoV-2 (China, 2020). Reproduced with permission from ref 1°.

1.1.3. Synthetic Strategies using Supramolecular Self-Assembly

Biochemical species, such as chromosomes and enzymes, are critically
dependent on the precise organization of smaller building blocks on a variety of
length scales to achieve their function.810 Self-assembly describes the
spontaneous arrangement of preformed components into lower entropy

structures by means of non-covalent interactions. Such non-covalent interactions
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include hydrogen bonds, m-m stacking, Van der Waals, and electrostatic forces.
Although these interactions may be individually weak compared to covalent
bonds their sum is sufficient to create a stable assembly.22

There are two main types of self-assembly systems, dynamic and static.! Self-
assembly systems that operate at a global or local equilibrium are described as
static and examples include hemoglobin proteins and molecular crystals. Such
assemblies are generally formed after an initial input of energy is supplied. In
dynamic self-assembly, which works outside of thermodynamic equilibrium, the
construction of stable structures is dependent on the continuous dissipation of
energy. Fabrication of structures via dynamic self-assembly is less well developed
but is a growing field for molecular systems.2324 Polymerizations driven by the
Belousov-Zhabotinsky oscillatory reaction have been applied to produce dynamic
assemblies capable of undergoing internal structural rearrangement or
division.2526

In the Ilate 1970’s, Jean-Marie-Lehn first introduced the term,
‘supramolecular chemistry’, which describes the ‘chemistry of molecular
assemblies and of the intermolecular bond’.2?” A number of synthetic self-assembly
systems have since been developed for the construction of supramolecular
polymers from molecular and macromolecular-based building blocks
(monomers). This approach has led to the creation of well-defined 1D functional
structures, such as nanofibers, twisted nanoribbons, and nanotubes with
biological, optical and electronics properties (Figure 1. 3). Supramolecular self-
assembly is a continuously evolving field and current research efforts also extend
to developing hybrid systems and multidimensional architectures that display

unique functions. 28-31
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Figure 1. 3: Molecular representation of three monomers and their corresponding supramolecular
polymers formed via self-assembly. (a)-(b) A peptide amphiphile monomer forms cylindrical
nanofibers via B-sheet type hydrogen bonding and hydrophobic interactions. (c)-(d) Oligo
(phenylene vinylene) substituted with alkyl groups and chiral centres forms a twisted ribbon with
defined chirality via hydrogen bonding. (e)-(f) A monomer with a hexabenzocoronene core
substituted with alkyl and ethylene glycol chains forms a nanotube via m-m stacking and
hydrophobic interactions. Adapted with permission from ref 31.

1.2. Block Copolymer Self-Assembly

Building blocks capable of undergoing self-assembly typically consist of
components with differing chemical or physical properties, most commonly
polarity. These amphiphiles are diverse in composition, but the subsequent nature
of their self-assembly behaviour shares many common features. Micellization
arising from surfactant self-assembly is a well-explored process and offers a
simple model to illustrate the general self-assembly of molecular and
macromolecular amphiphiles. Surfactants are composed of a polar head group and
a non-polar tail. In polar solvents micellization can occur to form different
morphologies, including spheres and fibers, provided that the critical micelle
concentration (CMC) is reached. The non-polar tails aggregate in polar media and
form the micelle core, which is shielded by solvated polar head groups minimizing
unfavourable exposure to the solvent media.

Block copolymers (BCPs) are much larger amphiphilic species than simple
molecular amphiphiles and are constructed of two or more different polymer
blocks with distinct physicochemical properties. Many synthetic strategies have
been developed to afford BCPs with well-defined molecular weights, low molar
mass dispersities, and different architectures. BCP self-assembly offers a versatile
and efficient route for preparing discrete structural domains in the solid and

solution state.32
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1.2.1. Solid-State Block Copolymer Self-Assembly

Microphase separation of BCPs in the solid-state is dependent on the
volume fractions of the incompatible coblocks (f) and the degree of segregation
(xN) (Figure 1. 4a-b). The degree of segregation is determined by the degree of
polymerization of the polymer coblocks (N) and the Flory-Huggins interaction
parameter (x) between them. From the theoretical phase diagram of a diblock
copolymer there is a threshold value of yN above which phase separation can
occur as the coblocks possess sufficient incompatibility (yN = 10).33 Microphase
segregated morphologies are typically accessed by heating the BCP to a
temperature above the glass transition temperature (7g) of the polymer blocks
followed by rapid cooling. Typical morphologies that are accessible from the self-
assembly of diblock copolymers include spheres, cylinders, lamellae and gyroids
(Figure 1. 4c). Triblock or multiblock copolymers introduce further complexity to

the theoretical phase diagram as even more morphologies can be prepared.343>
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Figure 1. 4: Solid-State Self-Assembly of Diblock Copolymers. (a) Components of BCP building
blocks. (b) Linear diblock copolymer theoretical phase diagram for block volume fraction (f)
versus degree of segregation (yN). Morphologies are labelled as follows: lamellae (L), hexagonally
packed cylinders (H), body-centred spheres (Q22°), double-gyroid phase (Q23°), close-packed
spheres (CPS) and a disordered phase (DIS). (c) Cartoon illustration of the different morphologies
accessible depending on the composition of the BCP building block. Adapted with permission from
ref 36,
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1.2.2. Solution-State Block Copolymer Self-Assembly

Many of the principles that govern surfactant self-assembly also apply to
BCP self-assembly. However, the solution self-assembly of BCPs is a more complex
process than surfactant solution self-assembly and BCP self-assembly in the solid
state. Additional interactions between the BCP and solvent medium affect the
ability to predict micelle morphology. The introduction of a selective solvent for
one polymer block to a solution of dissolved BCP drives micelle formation via
aggregation of the insoluble core-forming block. Several factors influence the self-
assembly of amphiphiles in solution including the solvent medium, chemical
composition of the amphiphile, concentration, temperature, and the presence of
additional additives.37:38 Micelle morphology can be tuned by altering the solvent
system, degree of polymerisation, block ratio and chemical nature of the blocks
and by introducing various chemical and physical stimuli.3° Typically, for a given
BCP, assemblies with higher core-corona interfacial curvature are obtained in
solution than in bulk due to the repulsive interactions between the swollen
solvated coronal chains, which therefore occupy a larger volume fraction.

Analogous to surfactant self-assembly, micelle morphology can be related
to the packing parameter (P) for surfactants (Figure 1. 5) but the correlation is
much less accurate.. The packing parameter illustrates how tuning the amphiphile
structure influences the self-assembled morphology, P = v/aolc, where v is the
volume of hydrophobic block, ao is the area of hydrophilic head group, and [ is the
length of the hydrophobic block.#9 In the case of amorphous BCPs, when P < 1/3
spherical micelles are formed, worm-like micelles can be prepared at 1/3 < P <
1/2 and vesicular structures are favoured at 1/2 < P < 1.41 Even though the packing
parameter has an influence on the solution self-assembly of BCPs, often this term
is not very accurate for predicting specific micelle morphologies in solution. This
is a complex challenge due to the swelling behaviour of the solvophilic corona-
forming block. The degree of swelling of the corona-forming block directly affects
the value of ao and is dependent on the quality of the solvent. So for the same BCP,
the solvent medium can influence the relative volume fractions of the solvophobic

and solvophilic blocks.
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Figure 1. 5: Schematic depiction of polymer chain arrangements arising from different
morphologies of AB di-blocks. Morphologies are predicted by the packing parameter (P) through
the following equation, P = v/aol.. Where v is the volume fraction of the solvophobic A block (blue
chains), ao is the area pf the solvophilic B block (red chains) and L is the length of the A block. The
morphology changes from sphere to cylinder to polymersomes with an increasing value of P (left
to right). Adapted with permission from ref 41,

For the case of many BCPs, self-assembly in selective solvents for one of the
polymer blocks results in the formation of kinetically trapped morphologies,
which can be attributed to the slow exchange of BCP unimers between micelles
that prevents thermodynamic equilibrium from being reached. This is not
normally the case for surfactant self-assembly, in which kinetically labile
structures are formed in solution and the molecular amphiphiles are in rapid
exchange between self-assembled micelles and dissolved surfactant amphiphiles
(unimers). For BCPs, the free energy of the system governs the thermodynamically
favoured morphology. Key contributions to the free energy include inter-chain
repulsion between the coronal polymer chains, degree of chain-stretching in the
core of the micelle, and interfacial energy between the solvent and the micelle
core.32

In the mid 90’s, pioneering work in this area by Eisenberg and coworkers
focused on the solution self-assembly of polystyrene-b-poly(acrylic acid) (PS-b-
PAA) BCPs. Low corona-to-core ratio BCPs were prepared that were capable of
forming an array of “crew-cut” micelles.#2-4¢ The BCPs were dissolved in a

common solvent for both polymer coblocks (dimethylformamide) then a selective
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solvent for the PAA block (water) was added to induce aggregation of the PS block.
Altering the degree of polymerization of the coblocks and also introducing
additives capable of screening charge on the PAA coronal chains effectively
changed the value of ao,and thereby influenced the micelle morphology giving rise
to a complex range of architectures (Figure 1. 6).40

Further complexity in nanostructure morphology is introduced when we
consider the self-assembly of multiblock copolymers. The number of interaction
parameters are increased due to the presence of additional polymer blocks. This
makes it more difficult to predict micelle morphology. Complex architectures with
multiple discrete core or corona domains can be prepared from the solution self-
assembly of triblock terpolymers, namely multicompartment or “patchy”
micelles.#>46 Subsequent hierarchical organization of compartmentalized micelles
can also be achieved by introducing additional stimuli that can trigger the
aggregation of specific polymer segments of the pre-formed micelle, to afford

supermicelle architectures.*>

(e) Large Lamel ] 1 . (g)HHHs ~ (h)LcMs
3: PS49-b-PAAp :'. .': PSs10-b-PAA 3 ;: 5: PS410-b-PAA3 PSz00-b-PAA;

Figure 1. 6: Transmission electron microscopy (TEM) images and cartoon illustrations of micelle
morphologies prepared by the solution self-assembly of PSy-b-PAAm. HHH = hexagonal hollow
hoops, LCM = large compound micelles. In the cartoon illustrations red represents PS regions and
blue represents PAA regions. Reproduced with permission from ref 4.
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Fiber-like micelles, which possess a diameter or width on the nanoscale and
a high aspect ratio, are currently under extensive investigation for applications in
drug delivery and as templates for the alignment of metal nanoparticles.*”-48 The
fiber morphology is the most difficult to obtain in pure form through the self-
assembly of BCPs with amorphous core-forming blocks, as the phase-space
associated with their stability is generally very limited.

If crystallization of the core-forming block can be facilitated during the self-
assembly of BCPs this provides an additional contribution to the free energy of the
system and has an important influence on micelle morphology. The formation of
micelles with low core-corona interfacial curvature are favoured by the self-
assembly of BCPs with a crystallizable block, due to the high structural order and
rigidity present in the crystalline micelle core. It is therefore possible to obtain
pure fiber-like or platelet micelle morphologies.32
1.3. Crystallization-Driven Self-Assembly

Polymer crystallization in the solid state and solution occurs if there is
sufficient alignment of polymer chains during aggregation.#® Achieving single
crystalline order in polymeric materials is highly challenging. Typically, a mixture
of crystalline and amorphous domains is formed. Preparative methods that can
yield highly crystalline materials are desirable for a range of applications
including polymer-based electronic devices.>0

In solution, the formation of micelles with low core-corona interfacial
curvature is favoured for BCPs with a crystallizable core-forming block. Initial
work focused on the self-assembly of BCPs with a crystallizable polyethylene
oxide (PEO) segment. 2D platelet micelles with crystalline cores were prepared in
solvent systems that were selective for the corona-forming block and sufficiently
poor to allow for crystallization of PEO core-forming block in solution.>1,52

The self-assembly of polyferrocenyldimethylsilane (PFDMS) BCPs has been
explored and characterized in detail since preliminary work was instigated in the
1990’s.535% Various BCPs containing a PFDMS core-forming block are able to
undergo self-assembly in solvents selective for the corona-forming block.>>
PFDMS BCPs can undergo core crystallization in solution with a preference to form
morphologies with low core-corona interfacial curvature such as cylindrical

micelles.>* Solution self-assembly of non-crystallizable polyferrocenylsilanes,

10
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with unsymmetrical substitution at silicon in the main chain, typically only forms
spherical micelles. Optimization of the solvent systems used and the ratio of the
degree of polymerization of polymer coblocks can yield morphologically pure
fiber-like micelles (low core:corona ratio, 21:6) or platelet micelles (high
core:corona ratio, e.g. 1:3).56-58
Polyethylene (PE) BCPs has been reported to undergo self-assembly to form

a range of micelle morphologies with crystalline cores.>%60 Depending on the
degree of polymerization (DP) of the PE core-forming block, a range of low core-
corona interfacial curvature structures can be prepared such as ellipsoidal
micelles at low DPs of PE and fiber-like micelles at higher DPs.>9 The solvent
systems were also found to have a key influence on the final micelle morphologies.
In poor solvents for the PE core block a mixture of spherical and fiber-like micelles
were observed.®® When solvents that are slightly less poor for the core-forming
block were used the exclusive formation of fiber-like micelles can be achieved.®0 It
is clear that there needs to be a balance between solvent selectivity and
crystallization rate to achieve pristine low core-corona interfacial curvature
morphologies. The critical importance of core crystallization on the obtained
micelle morphology has led to term crystallization-driven self-assembly (CDSA)
being coined.32

In the last decade an array of BCPs containing a crystallizable block have
also been shown to undergo CDSA including several polyferrocenylsilanes,1.62
poly(ferrocenyldimethylgermane),®® poly(r-lactic acid) (PLLA),%4-6¢ poly(e-
caprolactone),67.68 polyacetylene,®° poly(ethylene oxide),”0
poly(ethylenesulfide),”? poly(acrylonitrile),”2 poly(3-hexylthiophene)
(P3HT),5073.74 poly(3-heptylselenophene),’>76 poly(3-octylthiophene),”” poly(p-
phenylene),’8 poly(p-phenylenevinylene) (PPV),79.80 poly(p-
phenyleneethynylene),81.82 poly(di-n-dihexylfluorene) (PDHF),8384
polycarbonates,®>  poly(2-isopropyl-2-oxazoline),8¢  poly(perfluoroethyloctyl-
methacrylate),87.88 and cyclic peptoids.8?

Despite the CDSA protocol being a robust and versatile strategy to afford
1D fiber-like micelles and 2D platelets , it remains difficult to predict micelle
morphology. Factors such as core-to-corona ratio or the percentage of common

solvent can have different effects on obtained micelle morphologies depending on

11
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the BCP system. For example, for PFDMS BCPs a high core to corona ratio can
induce the formation of 2D platelets whereas for BCPs with a PLLA core-forming
block a low core to corona ratio promotes the formation of analogous

assemblies.?0.91

1.3.1. Living CDSA: Routes to Nanostructures with Controlled Dimensions

Seeded growth strategies have been developed to prepare micelles with
precisely controlled fiber length and platelet area.?? 23 ‘Living’ CDSA offers a route
to control the length of 1D micelles with crystalline cores. This methodology is
analogous to living covalent polymerisation, wherein polymer chains can grow by
further addition of monomers to reactive chain ends without termination or
transfer events occurring. When all of the monomers are consumed in solution the
chain ends still remain active and can continue growing if further monomer is
added.?* Similarly, the exposed crystal faces of the crystalline core in fiber-like
micelles can seed the epitaxial growth of added solvated BCP (unimer). Sonication
can be used to fragment the crystalline core micelles to afford short micelles that
can act as seeds to promote epitaxial crystal growth in the presence of unimer. 9
As the seeds are typically very small in length and the rate of epitaxial growth from
these seeds is equivalent, uniform micelles of low length dispersity and controlled
dimensions can be achieved.

Based on these principles two main techniques have been developed to
obtain low length dispersity micelles, termed seeded growth and self-seeding
(Figure 1. 7).%6.97 In the seeded growth method, pre-existing cylindrical micelles
are used as seeds, further addition of molecularly dissolved unimers results in
epitaxial growth from the crystalline faces of the core termini. The seed micelles
are generated via vigorous sonication of polydisperse cylindrical micelles in a
selective solvent for the corona block.?¢ Epitaxial growth of added unimers is
generally favoured over self-nucleation to afford low dispersity micelles with

controllable lengths dependent on the unimer-to-seed ratio (Figure 1. 8).

12
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Figure 1. 7: Schematic diagram illustrating the two protocols used to obtain low-dispersity fiber-
like micelles with a ribbon-like core, applicable to t-conjugated BCP systems. Seeded growth (top)
and self-seeding methods (bottom). Adapted with permission from ref 9.

There are two main self-seeding protocols that can be adopted depending on
the nature of the system that involve using heat or adjusting solvent ratios.??
During a typical thermal self-seeding process, the sample is heated to dissolve
regions of lower crystallinity and then cooled, which allows the dissolved polymer
to recrystallize on the ends of the surviving micelle fragments of higher
crystallinity. This step is performed under dilute conditions to avoid self-
nucleation of the dissolved polymer, as a result the surviving seed crystallites are
the only nuclei from which the unimer can grow.?® In addition to the use of
temperature, a solvent-based self-seeding method can be used.?7 A pre-annealing
step can also be carried out that improves fiber crystallinity. This has been
particularly beneficial for ‘living’ CDSA of polythiophene and polyselenophene
BCPs.97:99,100 ‘L jving’ CDSA of m-conjugated polymers will be discussed in detail in

section 1.5.
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Figure 1. 8: a-d, TEM images of monodisperse cylindrical micelles of Plsso-b-PFSso obtained by
employing a seeded growth protocol. e, Histograms of the contour length distribution of
samples a-d. The inset shows the linear dependence of the micelle contour length on the unimer-
to-seed ratio. Scale bars, 500 nm. Reproduced with permission from ref 9.

Epitaxial growth of BCP unimer from seed micelles with different core
and/or corona chemistries can be achieved under appropriate solvent conditions.
In the case of heteroepitaxial growth the lattice mismatch between the seed and
the epitaxially grown layer needs to be small (ca. < 15 %).101 Seeded growth
methods can produce uniform fiber-like micelles with segmented core or coronal
chemistries, also termed block comicelles. Typically block comicelles are prepared
with a B-A-B structure where A is the seed micelle and B represents the epitaxially
grown segments.?? Unidirectional growth from seed micelles is also possible and
has been demonstrated with a PFDMS-based BCP system. First, B-A-B block
comicelles were prepared, where A is a central PFDMS-b-poly(dimethylsiloxane)
(PDMS) segment and the terminal B segments are composed of PFDMS-b-
polyisoprene (PI).102 The PI corona was then cross-linked and the central PFDMS-
b-PDMS segments were dissolved to afford seed micelles containing only one
exposed crystal face that can promote further epitaxial growth unidirectionally.
Sequential addition of BODIPY dye functionalized PFMDS BCP unimer to the seeds
micelles resulted in the formation of fluorescent nanopixel block comicelles with

discrete segments containing different emission properties (Figure 1. 9f).103

14



Chapter 1

" il ‘ié‘f
g

Figure 1. 9: 1D and 2D Architectures via CDSA of PFS Materials. (a) 2D rectangular platelets
prepared by seeded growth of PFS[PPh2Me]l unimers from PFS-b-P2VP cylindrical micelle seeds.
Adapted with permission from ref198, (b) 2D rectangular platelet by seeded growth of a blend of
PFS homopolymer and PFS-b-P2VP unimers from PFS-b-PDMS seeds. Adapted with permission
from ref 104, (c) 2D diamond platelets prepared by CDSA of PLLA-b-PDMAEMA. Adapted from ref
105, (d) Lenticular platelet micelles by seeded growth of dye-functionalized PFS BCP unimers from
PFS-b-PDMS seeds. Adapted with permission from ref 9°. (e) Scarf-like micelles by seeded growth
of PFG-b-P2VP from PFS-b-P2VP seeds. Adapted with permission from ref ¢3. (f) Fluorescent
unidirectional 1D block comicelles prepared by seeded growth of different BODIPY dye-
functionalized PDMS unimers from PFMDS-b-PMVS seeds. Adapted with permission from ref 103,
Scale bars: (a, b) 2 um, (c) 1 um, (d, €) 500 nm and (f) 5 pm.

A variety of architectures can be fabricated from the ‘living’ CDSA strategy,
including 2D platelets, 1D branched micelles, 3D starlike micelles and scarf-like
micelles,?3 composed of 2D platelet seed and multiple epitaxially grown 1D fiber-
like micelles (Figure 1. 9¢).90.98,104106 [pjtial work on 2D architectures via CDSA
focused on using PFDMS BCPs with a core to corona ratio of 1:1, which possess a
higher core to corona ratio compared to the materials used to prepare 1D
cylindrical micelles. Lenticular platelets of controlled area and segmented
fluorescent architectures could be prepared with these BCPs (Figure 1. 9d).%0
However, this strategy was limited in terms of the upper limit of size control and
in the formation of ordered 2D structures like rectangular or square platelets. A
robust strategy was developed to prepare large 2D rectangular platelets of
controlled size that involves seeded growth of a 1:1 mass blend of PFDMS BCP and

PFDMS homopolymer from 1D cylindrical micelle seeds (Figure 1. 9b).104 The
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latest synthetic strategy to prepare low dispersity 2D platelets focuses on the
seeded growth of phosphonium or ammonium charge terminated PFDMS or PLLA
homopolymers (Figure 1. 9a).107.108 These synthetic strategies have also been
applied to the heteroepitaxial growth of PFMDG-based materials from PFDMS
seed micelles, to afford low dispersity segmented 1D cylindrical micelles and 2D
platelets.63109

In the last decade the ‘living’ CDSA methodology has also been applied to
small molecular amphiphile systems, such as hexabenzocoronenes,110.111 perylene
diimides,'12 Zn porphyrins,!13 and Pt pincer complexes.114 Similar to the ‘living’
CDSA of BCP-based materials, seeded growth of these small molecular amphiphile
systems can yield kinetically trapped micelles of controlled dimensions and high

functionality.

1.3.2. Routes to Hierarchical Architectures

Block comicelles with discrete coronal chemistries can undergo further
self-assembly via additional non-covalent interactions when blended or in the
presence of external stimuli. For instance, amphiphilic PFDMS-based B-A-B block
comicelles with hydrophilic (P2VP) or hydrophobic (PDMS) coronal regions can
undergo further self-assembly via aggregation of one of these segments upon
adjusting the polarity of the solvent system.115116 [f more selective solvent for the
coronas on the terminal segments of the block comicelle is added, side-by-side
stacking of the block comicelles occurs to afford 1D train-track structures (Figure
1. 10f). If more selective solvent for the corona on the central segment in the block
comicelles is added, then end-to-end stacking occurs resulting in the formation of
3D multidimensional micelle networks or superlattices. Block comicelles or
homopolymers containing segments with hydrogen bonding donor or acceptor
moieties can also undergo co-assembly when blended to afford hierarchical
supermicelles, with complex architectures such as wind-mills or shish-kebab
structures (Figure 1. 10b-e).117.118 The tunability and precise length control of the
interacting segments achieved by ‘living’ CDSA was vital for achieving low

dispersity complex supermicellar constructs.
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500 nm

Figure 1.10: Complex and hierarchical structures prepared from PLLA or PFDMS-based materials.
(a) TEM image of diamond-fiber hybrid structures prepared from seeded growth of different PLLA
BCP unimers from PLLA diamond platelets. Adapted with permission from ref 119. TEM image (b)
and corresponding (c) cartoon illustration of windmill-like supermicelles prepared via hydrogen-
bonding interactions between PFDMS-based block comicelles, induced by solvent adjustment.
Adapted with permission from ref 117. TEM image (d) and corresponding (e) cartoon illustration of
supermicellar “shish-kebab” structures via addition of homopolymer with hydrogen-bond
donating moieties to PFDMS block comicelles with hydrogen-bond acceptor moieties. Adapted
with permission from ref 118, (f) TEM image and corresponding cartoon illustration of train-track
structures prepared via hierarchical self-assembly of B-A-B amphiphilic PFMDS block comicelles,
induced by solvent adjustment. Adapted with permission from ref 115,

1.4. m-Conjugated Polymers

m-Conjugated polymers can have semiconducting behaviour in the pristine
state and possess a band-like structure due to the electronic delocalization
present along the polymer backbone, typically composed of alternating o- and -
bonds. This class of polymers has emerged as a promising candidate for numerous
applications in organic electronics, biomedical imaging and therapy, and sensing
technology.120.121 Polyacetylene was the first conducting polymer synthesised in
the 1970s122123, and the significance of this discovery was subsequently
recognized with a Nobel Prize.124-126 Since then a myriad of conductive -
conjugated polymers have been synthesized, including polythiophene,
polyfluorene, and poly(phenylene vinylene).127 The m-overlap of p; atomic orbitals
along the polymer backbone (m-conjugation) creates a number of m-states that

leads to the formation of electronic bands with a m-band gap (Figure 1. 11).128 This
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m-electron system is responsible for the unique optoelectronic properties that -

conjugated polymers exhibit.
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Figure 1. 11: Energy level diagram displaying the contrast in band structure of metals,
semiconductors and insulators. The Fermi level (EF) is labelled in the diagram and indicates the
highest occupied energy level below which all energy levels are filled with electrons (at 0 K). The
Fermi-Dirac distribution is illustrated by the colors, grey = empty states and all other colors = filled
states. Insulators possess large bandgaps between the electron filled valence band (green) and the
empty conduction band (grey). Metals and semimetals have merged valence (red/yellow) and
conduction (grey) bands. Semiconductors have a smaller bandgap between the valence
(blue/purple/pink) and conduction (grey) bands relative to insulators. Adapted from ref 129,

Conductivity in different materials can be explained through band theory.
Metals are highly conductive as they possess overlapping valence and conduction
bands that enables free movement of charge carriers. m-conjugated materials are
semiconductors as a small bandgap (ca. 1.2-3.0 eV) exists between the filled
valence band and empty conduction band. If sufficient energy is supplied,
electrons can be excited from the valence band into conduction band. In the case
of m-conjugated polymers the valence band is synonymous to the low energy m-
bonding orbital (HOMO) and the conduction band is equivalent to the high energy
m*-antibonding orbital (LUMO). When an electron is excited into the conduction
band an exciton is formed that represents the bound state of the excited electron
(now in the conduction band) and the electron hole (or simply “hole”) created in
the valence band. Excitons can be separated when their binding energy is
overcome, for example separation can occur at an heterointerface with a material
possessing a lower LUMO level. Generation of excitons and subsequent energy
transfer are essential prerequisites for the operation of organic-based

optoelectronic devices such as light emitting diodes.13° The band gap in insulator
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materials is too large (> 4 eV) for significant excitation of electrons into the
conduction band at ambient temperature. Conductivity in conjugated polymers
can be enhanced by doping via oxidation or reduction of the m-conjugated system
(p-doping and n-doping) which generates additional charge carriers.131

In conjugated polymers m-electrons are involved in optical excitations and
optical transitions occur between the HOMO and LUMO levels (i.e. the optical
bandgap).132 Therefore, the size of the optical bandgap plays an important role in
the absorption and emission profiles of a conjugated polymer. Additionally,
numerous studies have reported the key role of repeat unit coplanarity and inter-
chain ordering on the optoelectronic properties of conjugated polymers.133-135 -
electron delocalization enables conjugated polymers to absorb light in the UV-
visible region. The absorption profile is often broad due to the presence of a wide
distribution of conjugation lengths. Upon excitation, most conjugated polymers
can emit light via fluorescence and some achieve remarkably high
photoluminescence quantum efficiencies (e.g. 72 % for polyfluorene-based thin
films, 0.72 photons emitted per absorbed photon). 136137 Qther possible
transitions include exciton energy transfer which can occur between different
chromophores (< 10 nm apart). Irradiation of a donor chromophore generates an
exciton that can migrate along the polymer backbone and the exciton energy can
be transferred though non-radiative dipole-dipole coupling to a lower energy
acceptor chromophore. This results in a simultaneous decay of the donor emission
and excitation of the acceptor, a process termed Forster resonance energy transfer
(FRET).

Conjugated polymers are attractive materials for electronic applications
mainly due to their tunable optoelectronic properties, flexibility and
processability. The use of conjugated polymers for light-emitting diodes (LEDs)
was investigated after the serendipitous discovery of electroluminescence
behaviour in m-conjugated polymeric materials.13813% Conjugated polymers are
also efficient at absorbing light, possess large absorption coefficients (ca. 10> cm-
1) and broad emission profiles making them ideal materials for use in photovoltaic
devices and lasers.140141 Current research efforts focus on improving charge
carrier mobilities and exciton diffusion behavior of m-conjugated polymeric

materials to match that of silicon and small molecule organic-based technologies.
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Applications of m-conjugated-based nanoparticles are discussed further in section

1.6.

1.4.1. Synthesis of m-Conjugated Polymers

Initial synthetic strategies for conjugated polymers involved the use of
electrochemical and chemical oxidation reactions. However, the resulting
materials often exhibit a high polydispersity and poorly controlled
regiochemistry.142143 An alternative approach is Grignard metathesis (GRIM)
polymerization, also known as Kumada catalyst-transfer polycondensation. This
process is a living chain-growth polycondensation polymerization144-146 that uses
nickel-mediated cross-coupling reactions to produce materials with low
polydispersity and high regioregularity.147-150 The technique was initially
developed for the synthesis of polythiophene but has since been used to
synthesize various other materials, including well-defined polyfluorene,
polyselenophene, polypyrrole, polycarbazole, and polytellurophene.1>! The living
nature of the polymerization enables not only control over the molar mass and
access to narrow molar-mass distributions, but also chain-end functionalization
with high fidelity (Scheme 1. 1a).152 Subsequently, BCPs can be directly or
orthogonally synthesized from end-functionalized conjugated homopolymers. For
example, BCPs can be obtained by polymerization of a second monomer from a
macroinitiator?>3.154 (Scheme 1. 1a) or by click reactions (Scheme 1. 1b), such as

the copper-catalysed azide-alkyne cycloaddition.”4155
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(a) Grignard Metathesis Polymerization
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Scheme 1. 1: Example syntheses of (a) alkyne-terminated poly(di-n-alkylfluorene) (PDAF) or
PDAF-b-poly(3-alkylthiophene) (P3AT) BCP by grignard metathesis polymerization and (b) PDAF-
b-PEG by a copper azide-alkyne click reaction. R = alkyl side chain. iPrMgCl. LiCl =
isopropylmagnesium chloride lithium chloride complex solution (turbo Grignard). Ni(dppp)Clz =
dichloro(1,3-bis(diphenylphosphino)propane)nickel. PMDETA = N,N.N’,N”.N”-
pentamethyldiethylenetriamine.

Other polymerization methods, such as Stille or Suzuki-Miyaura cross-
coupling, can be applied to a wide range of monomers to yield conjugated
polymers with a high molar mass. However, it is difficult to obtain materials with
a targeted degree of polymerization or low dispersity. Applying the CDSA
approach to m-conjugated core-forming BCPs is of particular interest in producing
conductive and emissive nanowire structures that could be incorporated in
devices.156. 157, 158 Synthesis of low dispersity polymers with end-group
functionality is essential to afford conjugated BCPs that can be used by ‘living’

CDSA methods to prepare colloidally stable, uniform nanowires.

1.4.2. P-type Conjugated Polymers

Although many different m-conjugated polymers have been synthesized,
the majority of these materials are p-type semiconductors, possessing much
better hole mobility than electron mobility (Figure 1. 12). PPVs are one of the most
studied examples where typically side chains are attached to the aromatic ring to
improve solubility and tune the emission behaviour (in the range of orange to
green emission).1> Additionally, poly(3-alkylthiophenes) have also been widely

studied and the nature of side chains in these materials has been shown to have a
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direct impact on conductivity. Some substituents can enhance conductivity by
optimizing the crystallization kinetics of the polymer in solution. Substitution of
the sulfur atom in polythiophene with selenium (to give polyselenophene)
reduces the optical band gap from ca. 1.9 eV to 1.6 eV, and with tellurium
(polytellurophene) to 1.4 eV.160 Polyfluorenes have unique optoelectronic
properties, and key structure-property relationships have been uncovered giving
valuable insight into conjugated polymer electronics.161 These materials typically
absorb in the UV light region, possess efficient blue emission, large hole mobilities,
and high thermal and light stability due to their conjugated polymer backbone.
Phenylene rings are co-planarized by a bridging carbon atom, which is responsible
for the large band gap and blue emission. Some polyfluorene derivatives can
exhibit up to three different structural phases with distinct chain conformations
that can influence the emission behaviour and packing of the polymer chains in
the aggregated state. Co-polymerization of fluorene monomers with low-band gap

monomers enables access to emission colors across the entire visible spectrum.162
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Figure 1. 12: (a) Chemical structures of key conjugated polymers. Positions where side chain
substitution typically occurs are represented by the R group positions. (b) Energy level diagram
showing the different bandgaps of key conjugated polymers. Band gap (eV) for each polymer is
labelled within the band gap illustration. Adapted from ref 163,
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1.4.3. Self-Assembly of m-Conjugated Polymers

The majority of reports on conjugated polymer nanoparticles are based on
two main synthetic methods, namely, reprecipitation or the preparation of mini-
emulsions. These methods typically yield spherical nanoparticles. More recent
strategies, including solution self-assembly and microfluidic approaches, have
emerged which provide access to low core-corona interfacial curvature
morphologies such as 1D nanofibers and 2D platelets.164-167 1-Conjugated
polymers possess rod-like rigidity along the polymer backbone, which promotes
T-m stacking interactions between polymer chains during aggregation. If this
crystallization process is controlled this can lead to the formation of well-defined
1D nanowires. This will be discussed further in section 1.5.

As mentioned previously (start of section 1.4), some of the key features that
make m-conjugated polymeric materials appealing, include their optical and
electronic properties, facile processing in solution, compositional flexibility and
tailorability, and low cost. The active layers in devices such as organic
photovoltaics (OPVs), organic field-effect transistors (OFETs) and organic light-
emitting diodes (OLEDs) are frequently produced by spin-coating a film of a
molecularly dissolved conjugated polymer onto a substratel®8. As the solvent
evaporates, the conjugated polymer chains stack into crystalline domains that can
transport charge carriers. The major limitation of this process is the resulting
inhomogeneity of the resulting material which possesses both ordered and
disordered regions, which can hinder exciton diffusion over long distances.
However, assembling conjugated polymers into nanoparticles before casting the
material onto a substrate allows for better control of the crystallization process
with increased precision on the nanoscalel¢4. Applications of functional
nanoparticles prepared through m-conjugated polymer self-assembly will be

discussed in section 1.6.
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1.5. m-Conjugated Polymer Nanoparticles

1.5.1. Nanoparticles via Crystallization-Driven Self-Assembly

Control over the molecular packing and nanoscale morphology of
conjugated polymers are essential prerequisites for optimising the optoelectronic
properties of these materials and improving device performance. In particular,
crystallization-driven self-assembly of m-conjugated BCPs provides a route to
preparing nanofibers that possess exceptionally long exciton diffusion lengths due
to the highly ordered crystalline fiber core created during the self-assembly
process which involves epitaxial growth.83 This process appears to provide a
uniform energetic landscape, permitting exciton diffusion lengths an order of
magnitude larger than typical values for bulk films. Assuming a realistic average
absorption coefficient for conjugated polymers1¢?, a 200-nm-thick film of these
nanofibers (commensurate with the measured exciton diffusion length) could
absorb 98% of incoming photons, vital for highly efficient light-harvesting devices.
Furthermore, devices could be based on a bilayer architecture, a simpler and more
reproducible configuration than the bulk heterojunction, which is designed to
mitigate the short exciton diffusion lengths of bulk conjugated polymer layers

(Figure 1. 13).

Top Electrode Top Electrode

Bottom Electrode Bottom Electrode

Bilayer Structure Bulk Heterojunction

Figure 1. 13: [llustrations of a planar bilayer heterojunction (left) and a bulk heterojunction (right)
as photoactive layers. Donor materials are represented by the red regions and acceptor materials
are represented by the blue regions. Reproduced from ref 170,

A wide range of crystallizable core-forming blocks has been reported to
undergo CDSA to yield 1D nanofibers, including conjugated polymers, such as
polythiophene>®,  polyselenophenel’3,  polyfluorene,?3174,  PPV165  and
polytellurophene.l7> The CDSA behaviour of P3HT BCPs has been studied in detail

uncovering key structure-activity relationships. For example P3HT-b-P2VP BCPs
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can form 1D nanofibers via CDSA in selective solvents for the P2VP corona-
forming block.176177 Increasing the length of the corona-forming block or
decreasing the P3HT regioregularity resulted in fiber-like micelles with more
disordered crystalline cores. Attachment of CdSe quantum dots to either the P2VP
corona or to amorphous regions in the P3HT core has been achieved. The
attachment of quantum dots to the fiber cores also illustrated the order present in

the cores for the different hybrid materials (Figure 1. 14).
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Figure 1. 14: Schematic illustration of the preparation of P3HT-b-P2VP nanofibers followed by
attachment of CdSe quantum dots (QD) via non-covalent interactions. TEM image and
corresponding cartoon illustration of (b) nanofibers with alkane-terminated QDs attached to the
regions of the P3HT fiber core with low regioregularity, (c) nanofibers with reduced P3HT
regioregularity with alkane-terminated QDs, (d) nanofibers with hydroxy-terminated QDs
attached to the P2VP corona, and (e) nanofibers with longer coronas and decorated with alkane-
terminated QDs. Scale bars: 10 nm. Adapted with permission from ref 178,

The solution-phase self-assembly of m-conjugated BCPs also provides a
route to more complex nanoparticle morphologies. For example, poly(3-
triethylene glycol thiophene) (P(3TEG)T) can form different intricate
morphologies when used as either a core or corona block. As a core-forming block
in water, P(3TEG)T-b-poly(ethylene glycol) (PEG) can aggregate into large ribbon-
like structures through the interplay of hydrogen bonding and m-m stacking
interactions (Figure 1. 15b).179 As the corona-forming block in P3HT-b-P(3TEG)T,
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helical fibers form upon the addition of K* ions,180 which further assemble into
superhelical bundles over time (Figure 1. 15c). Two-dimensional square platelet
nanoparticles, a morphology not commonly observed for conjugated polymer
nanoparticles, can be prepared through the self-assembly of PPV BCPs such as
PPV-b-P2VP (Figure 1. 15a).16> The particle dimensions could be controlled by
altering the block ratio and by changing the concentration of the polymer solution

for self-assembly.

(a) PPV-b-P2VP 2D Platelets (b) P(3TEG)T-b-PEG Large Ribbons

i &
i

(c) (d) P3EHT-b-PT 3D Networks

Branching point

Figure 1. 15: Chemical structures, schematic representations and tunnelling electron microscopy
images of amphiphilic m-conjugated block copolymer nanoparticles with different morphologies.
(a) Self-assembly of poly(phenylene vinylene)-b-poly(2-vinylpyridine) (PPV-b-P2VP) in iPrOH to
form 2D square platelets. Adapted with permission from ref 179. (b) Stepwise self-assembly of
poly(3-triethyleneglycol thiophene)-b-poly(ethylene glycol) (P(3TEG)T-b-PEG) in MeOH and then
H20 to produce ribbon-like structures. Adapted with permission from ref 18, (¢) Addition of KI salt
to P3HT-b-P(3TEG)T in chloroform: acetonitrile (2.5:1, v/v) to form helical fibers. adapted from
ref 165, (d) In situ nanoparticlization of conjugated polymers in toluene to form fibrous branched
polythiophene structures. Adapted with permission from ref 181,

1.5.2. Nanoparticles via Living Crystallization-Driven Self-Assembly

The initial extension of the living CDSA approach to m-conjugated BCPs
focused on polythiophene-containing materials, in which fibers with controlled
lengths of up to ~300 nm could be produced.”3 Thermally-induced self-seeding
has since been shown to produce nanoparticles with a low length dispersity and
length control of up to 1um (Figure 1. 16a).5° However, obtaining fibers of a
predetermined length using this method is more difficult than with seeded

growth, owing to the sensitive exponential relationship between fiber length and
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annealing temperature and also sample thermal-history effects. The living CDSA
approach has been applied to a range of materials with different conjugated
polymer core-forming blocks, such as polyfluorene, poly(3-decylselenophene)
and PPV.5084182 The living nature of this self-assembly method permits the
formation of hierarchical block co-micelle architectures through the addition of
unimers with a different corona-forming block. Furthermore, light can be used in
certain cases to the control the living CDSA process (Figure 1. 16c).183 PPV BCP
nanofibers were self-assembled using photoisomerization of the core-forming
block from a non-crystallizable cis form to a crystallizable trans form. This
switchability gives control over the final fiber length and can be used to form

segmented and gradient fiber structures.
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Figure 1. 16: Living CDSA for the preparation of conjugated polymer nanoparticles. (a) TEM
images showing fibers of controlled lengths prepared by the self-seeding of rrP3HT-b-rsP3HT at
different seed-annealing temperatures. The graph displays the relationship between fiber length
and seed-annealing temperature. The error bars represent the standard deviation. (b) TEM images
of fibers of controlled lengths produced by the seeded growth of PDHF-b-PEG using different
unimer-to-seed ratios. The graph displays the relationship between fiber length and the unimer-
to-seed mass ratio. (c) Process of living light-induced CDSA using a photoisomerizable poly(p-
phenylenevinylene) core-forming block. The cis p-phenylenevinylene core-forming block in the
unimer (green) is photoisomerized to the trans isomer (blue), which enables seeded growth, owing
to its lower solubility. Reproduced with permission from ref 184,
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We very recently reported the preparation of low dispersity nanowires
with a crystalline PDHF core by the ‘living’ CDSA seeded growth method (Figure
1. 16b).83 Due to the efficient epitaxial crystallization of PDHF inherent to the self-
assembly method, the low dispersity nanowires possess a remarkably well-
ordered core, which enables exciton diffusion lengths above 200 nm to be
achieved. The value observed in these nanowires surpasses that typically
observed for bulk processed conjugated polymer samples (< 10 nm) and is well
above the critical length needed for virtually quantitative light absorption
suggesting intriguing practical potential. Detailed photophysical measurements
were performed on nanofibers that exhibit exciton energy-transfer from the
donor crystalline PDHF core to the solvated lower-energy P3HT corona as an

acceptor.83

1.5.3. Nanoparticles via In-Situ Nanoparticlization of Conjugated Polymers

Recently a technique termed in situ nanoparticlization of conjugated
polymers (INCP) has been developed by Choi and coworkers, through which
complex nanoparticles form spontaneously during polymerization through
careful consideration of the polymerization solvent and polymer solubility (Figure
1. 15d). This process has been reported for BCPs with both polythiophene181.185-
187 and polyacetylenel88-190 core-forming blocks using GRIM and ring-opening
metathesis polymerization, respectively. In a typical experiment, the different
monomers are sequentially polymerized. The monomer that is polymerized at the
end becomes insoluble as the chain length increases. Small aggregates with a
crystalline core are formed that further assemble into linear, branched and
bundled fibers, as well as platelet-like nanoparticles. This process is analogous to
the polymerization-induced CDSA process subsequently reported for non-
conjugated crystallizable BCPs191.192 and that was previously developed for the
preparation of amorphous BCP nanoparticles1?3. These self-assembly techniques
present a promising scalable route for the preparation of conjugated polymer

nanoparticles.
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1.6. Applications of m-Conjugated Nanoparticles

1.6.1. Electronics and Optoelectronics

Studies into the self-assembly and optoelectronic properties of
polythiophene-containing materials have revealed the importance of both the
number of grain boundaries and film morphology in macroscopic charge-carrier
mobility (Figure 1. 17).172194-196 The organization of conjugated polymer
nanoparticles into thin films or higher-order structures is a key challenge with
considerable potential for improving device performance and offering new
applications. Aligned 1D conjugated polymer nanoparticles can be introduced into
flexible devices, which may in the future be incorporated into our everyday lives

as wearable technology.197
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Figure 1. 17: (a) Schematic illustration of a bottom-gate, bottom-contact OFET device with
semiconducting film made of nanowires. (b) AFM image of rrP3HT106-b-rsP3HT47 fibers (cast from
solution). Scale bar: 1 um. Adapted with permission from ref s0.

Organization of conjugated polymer nanoparticles to increase the
alignment and packing density can improve bulk material performance.164198 Such
organization has been achieved after deposition of nanoparticles on a substrate
through processes such as thermal annealing and mechanical manipulation.199-201
As an example, the packing density and spatial arrangement of red, green and blue
fluorescent nanoparticles is important for the creation of white-light-emitting
devices.20Z [f the nanoparticles are too close in proximity, Forster-type energy
transfer occurs, leading to quenching or non-white-light emission. This problem
was overcome by intercalating the nanoparticles in an electrospun poly(ethylene
oxide) matrix to provide sufficient spatial separation to suppress undesirable
energy-transfer processes. This approach enabled white-light emission,

potentially paving the way towards flexible white-light displays or fixtures.
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Mechanical manipulation can also produce nanopatterned and
micropatterned surfaces, which have potential applications in OFET and OLED
devices.203 Repetitive compression of a PPV nanoparticle film was used to form 3D
nanopillars with a tunable bandgap for LEDs.204 During compression, the
nanoparticles hierarchically self-assemble into microdisks, which then further
assemble into regularly spaced nanopillars. The optoelectronic properties of these
structures depend on the polymer-chain packing induced by the mechanical
forces. By controlling structure formation through selective compression, it has
been suggested that it might be possible to form nanoscale heterojunctions by
placing different morphologies, with different bandgaps, in close proximity. This
level of control of the nanoscale morphology and electronic bandgap presents

exciting opportunities for device fabrication.

1.6.2. Biomedical Applications

Conjugated polymer nanoparticles offer desirable properties for
biomedical applications including biocompatibility, high functionalizability, and
low toxicity (when not under light irradiation)295. Additionally, nanoparticles
synthesized from biodegradable conjugated polymers are of particular interest, as
they can possess high stability to clearance but can then undergo degradation
followed by excretion after the desired therapeutic effect is achieved.206

Recently, polythiophene and polybenzothiadazole nanoparticles were
used to produce 3D reconstructions of the brain blood vessel network with
outstanding resolution at depths of 400 um through an intact mouse skull.207 The
nanoparticles undergo two-photon excitation when irradiated with a near-
infrared (NIR) laser, followed by detectable emission at 725 nm with a high signal-
to-noise ratio and quantum yield of 20.6%. In addition to fluorescence imaging,
conjugated polymer nanoparticles can be used for photoacoustic imaging,
whereby absorbed light is converted into heat, which leads to thermoelastic
expansion and consequently pressure spikes that create ultrasonic waves208, A
probe composed of polythiophene and polybenzothiadiazole nanoparticles was
designed for non-invasive, whole-body lymph-node photoacoustic imaging in

living mice299, This nanoparticle system was also able to photoacoustically report
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the levels of reactive oxygen species (for example, O2*- and *OH). Compared with
single-walled carbon nanotubes and 1D gold nanoparticles, this system produced

stronger photoacoustic signals in living mice.

1.6.3. Photocatalysis

The photophysical properties of conjugated polymers can be easily and
precisely tuned through chemical modifications, offering opportunities for the use
of rational design to improve photocatalytic activity.210 Spherical nanoparticles
(ca. 30 - 50 nm) composed of poly(fluorene-co-benzothiazole) (PFBT) copolymer
have been shown to exhibit excellent hydrogen-generation performance upon
photoirradiation without the assistance of a co-catalyst. The activity of the
nanoparticles was enhanced by five orders of magnitude compared with a pristine
PFBT polymer suspension owing to the larger surface area. 211 Slight modifications
to the main chain of the conjugated polymer (poly(fluorene-co-
dithienylbenzothiazole)) resulted in the formation of spherical nanoparticles that
possess photocatalytic activity that was 15 times higher than that of PFBT-based
nanoparticles. 212

The light-harvesting capabilities of conjugated polymer nanoparticles have
also been exploited to augment photosynthesis in chloroplasts.213 The
nanoparticles surround chloroplasts and convert the incoming UV light that is not
well absorbed into longer wavelengths that are more readily absorbed. The
absorption and re-emission by the nanoparticles allows the chloroplasts to
capture a broader range of light to improve the photosynthetic efficiency.
Although most current studies focus on the use of spherical nanoparticles,
understanding the relationship between shape and photocatalytic activity is of

particular interest and might be possible through the living CDSA approach.

1.6.4. Sensing

Conjugated polymers display coloured fluorescence emission throughout
the visible spectrum with a high fluorescence quantum yield. Quenching in
response to stimuli is a useful property in sensing applications. Photoresponsive
conjugated polymer nanoparticles have been prepared by combining
photochromic diarylethene side chains with m-conjugated main chains.214 The

emission of these nanoparticles is switched on or off by irradiation with visible or
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UV light, respectively, causing the functional unit to undergo a reversible ring-
closing reaction. This molecular design holds promise for the fabrication of
photoresponsive optoelectronic devices based on conjugated polymer
nanoparticles.

Furthermore, there is a growing need for new anti-counterfeiting materials
that exhibit tunable optical properties when the material is dry in the solid state.
In this regard, a supramolecular conjugated polymer nanoparticle-based system
has been reported to display tunable full-colour fluorescence and white-light
emission.?’> These nanoparticles were formed by non-covalent host-guest
interactions, and display responsive behaviour when a dithienylethene-derived
unit is incorporated. Aqueous solutions of the nanoparticles were painted on
paper, and upon exposure to metal ions or UV light, the fluorescence of the ink is
quenched. This is due to the complexation of the metal ions to the nanoparticles
or the photoisomerization of the dithienylethene moieties, respectively (Figure 1.
18a-b). Additional information can be encoded by incorporating a
chemiluminescent substrate that is responsive to hydrogen peroxide (Figure 1.
18c). Applications as security inks and anti-counterfeiting agents have been

proposed for these materials.

(b) Photoswitching

(a) Anti-counterfeiting ink

uv
—
Vis,

Add information (c) Chemiluminescence

Erase information

Figure 1. 18: Encoding information using fluorescent inks based on conjugated-polymer
nanoparticles. (a) Addition of Fe3+ions leads to fluorescence quenching. Information can,
therefore, be encoded and then erased through the addition or removal, respectively, of Fe3* ions.
(b) The nanoparticle-based inks undergo reversible photoswitching upon irradiation with
ultraviolet (UV) or visible (Vis.) light. (c) The nanoparticles can be designed to exhibit

chemiluminescent behaviour on addition of H202. Adapted with permission from ref 215,
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Detection of toxic chemicals and explosives is vital for addressing
environmental pollution and security concerns. The detection of metallic
pollutants, such as aqueous mercury contaminants, has been demonstrated using
rhodamine-doped conjugated polymer nanoparticles.216 Highly sensitive and
selective detection of cyanide has also been achieved with nanoparticles made
from a hyperbranched conjugated polymer.217 Ultrasensitive detection of picric
acid in aqueous and vapour phases by conjugated polymer nanoparticles via
several different mechanisms, including aggregation-enhanced FRET and PET, has
also been reported.218219 FRET-based detection by conjugated polymer
nanoparticles has also been employed in singlet-oxygen sensing, providing a more
rapid response compared with thin-film systems.220 Other nanoparticles, such as
spherical micelles, nanocaterpillars (worm-like micelles with an undulating
height profile) and star-like micelles, prepared through the in situ
nanoparticlization of conjugated polymers, have also achieved selective detection

of 2,4,6-trinitrotoluene.221

1.7. Thesis Objectives

The introduction of this thesis has provided an overview of supramolecular
and block copolymer self-assembly, with reference to specific examples of
nanoparticles prepared by the self-assembly of m-conjugated polymers. Highly
ordered crystalline core nanostructures of controlled dimensions have been
prepared by implementing the ‘living’ CDSA approach. Research discussed in this
thesis includes an investigation into the full scope of using ‘living’ CDSA to prepare
functional nanomaterials that could potentially be integrated into electronic
devices. The main objectives of this research are to investigate the scope of the
‘living’ crystallization-driven self-assembly of polyfluorene-based block
copolymers and study the optoelectronic properties of these materials. Seeded
growth methods will be used prepare a variety of nanostructures with desirable

morphologies and electronic properties.

1.7.1. Construction of Different Types of Nanoscale Heterojunctions
Segmented heterojunction nanowires have been prepared via CDSA of

polyfluorene BCPs. These materials have been shown to possess exceptional
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electronic properties due to the highly ordered crystalline micelle cores. In this
system, the fiber core composed of crystallized polyfluorene that acts as an
energy-donor. Upon selective excitation, solvated coronal chains composed of
quaternized polythiophene act as low energy-acceptor regions. The first two
results chapters of this thesis will focus on the design of different types of
nanoscale heterojunctions where polyfluorene-based crystalline core fibers are
coupled with either crystalline polymeric acceptor materials (Chapter 2) or

inorganic nanoparticle acceptors (Chapter 3).

1.7.2. Control the Formation of Different Micelle Morphologies via CDSA of
Polyfluorene BCPs

Helical and 2D platelet micelle morphologies are of growing interest for
possible application in electronic devices. These morphologies can be prepared by
the CDSA of PFDMS or polythiophene-based BCPs. The aim of this research is to
prepare these morphologies from the CDSA of polyfluorene-based materials. In
Chapter 4 the synthesis of helical nanostructures from polyfluorene-based
triblock copolymer materials is explored. In Chapter 5 the CDSA of polyfluorene
homopolymers and diblock copolymers with charged terminal groups was
investigated for the preparation of 1D fiber-like micelles and 2D platelets of

controlled dimensions.

1.7.3. Explore the Scope of ‘Living’ CDSA of Polyfluorene BCPs

Throughout this thesis, the synthesis and self-assembly of a range of
polyfluorene-based homopolymers with charged end groups, diblock copolymers,
and triblock terpolymers has been described. Optimization of CDSA and seeded
growth protocols has been carried out to uncover key trends in the solution self-
assembly behaviour of these materials. For example, in Chapter 5 the propensity
of polyfluorene homopolymers and diblock copolymers with charged terminal
groups to form 1D fiber-like micelles and 2D platelets via solution self-assembly
was explored. In Chapter 6 the self-assembly of poly(di-n-octylfluorene)-based
BCPs, that can access the highly ordered 3-phase, was studied.
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1.8. Thesis Structure and Collaborator Acknowledgments

1.8.1. Thesis Structure

This thesis is comprised of different research projects all based on
investigations of the self-assembly of polyfluorene-based materials. Five results
chapters are presented with an additional chapter discussing the final thesis
summary, conclusions and future directions for research built on this work. The
contents of each chapter are listed here:

Chapter 2: Solid-State Donor-Acceptor Coaxial Heterojunction Nanowires
via Living Crystallization-Driven Self-Assembly.

Chapter 3: Hybrid Nanowires: Energetically Coupled Polyfluorene-
Containing Nanofibers and Inorganic Quantum Dots

Chapter 4: Uniform Helical Nanofibers of Controlled Handedness via
Seeded Growth of Polyfluorene-Containing Block Copolymers

Chapter 5: Further Studies of the Solution Self-Assembly of Poly(n-
dihexylfluorene) Homopolymers and Block Copolymers with Charged Terminal
Groups.

Chapter 6: Solution Self-Assembly of Diblock Copolymers with a
Crystallizable Poly(di-n-octylfluorene) Core-Forming Block and Investigation of 3-

phase Packing

1.8.2. Collaborator Acknowledgments

As is customary in Prof. lan Manners group, each thesis chapter is self-
contained with separate introduction and summary sections in a format that is
suitable for publication as a research article. As part of a large research group with
established international collaborators, a significant amount of the work
presented in this thesis was produced in collaboration with internal and external
colleagues.

Chapter 1: Sections of this introductory chapter were reproduced from
Nat. Rev. Mat, 2021, 6, 7-26, which was co-written with Dr. Liam MacFarlane, Dr.
Tomoya Fukui, ]. Diego Garcia-Hernandez and Marcus Vespa. Insight and

additional input was provided by Prof. [an Manners. All contributions are from
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current or former members of the Manner’s research group at the University of
Victoria.

Chapter 2: Reproduced from jJournal of the American Chemical Society,
2020, 142,13469-13480. Synthesis of polymers, self-assembly and seeded growth
experiments, and optical spectroscopy characterization were conducted by Huda
Shaikh. Segmented nanofiber self-assembly was conducted by Prof. Xu-Hui Jin
(University of Bristol). AFM was conducted by Dr. Robert Harniman (University of
Bristol). WAXS was conducted and analyzed in collaboration with Prof. Robert
Richardson (University of Bristol). Initial scientific design of the experiments was
conducted in calibration with Prof. Xu-Hui Jin. Research was conducted at the
University of Bristol and University of Victoria.

Chapter 3: Polymer synthesis was conducted by Huda Shaikh and self-
assembly and seeded growth experiments were conducted by Huda Shaikh and
Dr. Yifan Zhang (University of Victoria). Functionalized quantum nanostructures
were prepared by Dr. Yifan Zhang. Joint scientific input was contributed by Huda
Shaikh and Dr. Yifan Zhang in the preparation of a manuscript based on this
project. Transient absorption measurements were conducted by Alexander Sneyd
(University of Cambridge). Useful scientific input was provided by our
collaborators, the Prof. Richard Friend group (University of Cambridge). Research
was conducted at the University of Bristol and University of Victoria.

Chapter 4: Synthesis of polymers and self-assembly and seeded growth
experiments were conducted by Huda Shaikh. Characterization of helical
nanofibers was conducted by Huda Shaikh. AFM was conducted by Dr. Robert
Harniman (University of Bristol) and Dr. Yuetong Kang (University of Victoria).
Initial scientific design of the experiments was conducted in calibration with Prof.
Xu-Hui Jin and Dr. George Whittell. Research was conducted at the University of
Bristol and University of Victoria.

Chapter 5: AFM was conducted by Dr. Yuetong Kang (University of
Victoria). All other research presented in this Chapter was conducted by Huda
Shaikh. Research was conducted at the University of Victoria.

Chapter 6: This research was solely conducted by Huda Shaikh. Research
was conducted at the University of Bristol and University of Victoria.

Chapter 7: This work was solely conducted by Huda Shaikh.
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Heterojunction Nanowires via Living
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Chapter 2
2.1. Abstract

The creation of organic heterojunctions from conjugated polymers on the
nanoscale has attracted recent attention as a consequence of their considerable
potential in optoelectronic devices. Herein, we report proof-of-concept results on
a versatile synthetic strategy to access various linearly segmented nanowire
heterojunctions with controlled dimensions using the seeded growth “living
crystallization-driven self-assembly” method followed by a secondary
crystallization step. Specifically, we describe the creation of coaxial and
segmented coaxial B-A-B and A-B-A nanowires with a solvophilic poly(ethylene
glycol) (PEG) corona, and an inner crystalline core that consists of poly(di-n-
hexylfluorene) (PDHF), which functions as a donor, and an outer crystalline core
of poly(3-(2’-ethyl)hexylthiophene) (P3EHT) which acts as an acceptor. The latter
is present either along the entire length of the nanowire, solely in the central
segment, or in the terminal blocks. These nanowires were created by the seeded
growth of two types of m-conjugated polymeric building blocks: the triblock
copolymer PDHF-b-P3EHT-b-PEG and the diblock copolymer PDHF-b-PEG, using
fiber-like seeds derived from either material. The nanowires with both solid-state
donor and acceptor blocks exhibit Forster resonance energy transfer (FRET) from
the PDHF inner core to the P3EHT outer core, which was characterized by
fluorescence spectroscopy and laser confocal scanning fluorescence microscopy
(LCSM). The FRET in the solid-state coaxial heterojunctions with an inner PDHF
core and an outer P3EHT core was enhanced relative to the directly analogous

system in which the P3EHT block was solvated.
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2.2. Introduction

Heterojunctions involving interfaces derived from organic materials with
different band gaps have attracted widespread recent attention for potential
electronics applications such as light-emitting diodes, transistors, and light-
harvesting photovoltaic devices.! In organic electronic materials, the dissociation
of excitons into electrons and holes at the heterojunction interface is essential. A
typical system consists of a donor material (hole-transporting phase) with a
higher LUMO than the acceptor (electron-transporting phase) to allow for efficient
charge separation, combination, or energy transfer.!-* In comparison with
solution-processed organic bulk heterojunctions with random, interpenetrating
nanoscale phase-separated morphologies achieved by blending different types of
semiconducting polymers and other electroactive species, the controlled
formation of precisely defined heterojunction nanostructures from organic
conjugated materials by bottom-up self-assembly methods is still
underdeveloped. Although several impressive examples of organic
heterojunctions have been reported, such as supramolecular heterojunctions
derived from hexabenzocoronenes with different substituents® or oligo(p-
phenylenevinylene) (OPV) and perylene diimide (PDI)® co-assembled materials
formed from nanofibers based on n/p type molecules,” shish-kebab assemblies
formed by secondary nucleation of poly(3-hexylthiophene) (P3HT) fibers by PDI
nanowires,? co-assembled p- and n-type molecules,’-11 bottom up strategies that
allow precise control of the spatial structure and dimensions from m-conjugated
polymers remain unexplored.

“Living” Crystallization-Driven Self-Assembly (CDSA) has recently
emerged as an efficient seeded growth strategy for the preparation of
morphologically pure low dispersity 1D fiber-like and 2D platelet micelles with
controlled dimensions based on the seeded growth of crystallizable polymer
based or molecular based amphiphiles. Initial work by ourselves and Winnik and
co-workers focused on the use of crystallizable poly(ferrocenyldimethylsilane)
block copolymers (BCPs)12, control over fiber length from the nanometer to the
micrometer scale, and the formation of block comicelles via the sequential seeded
growth of BCPs with different coronal chemistries was achieved.!13-15 By altering

the chemical nature of the crystallizable core-forming block and the core-corona
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ratio, “living” CDSA has also been used to construct either 1D fibers16-24 or two-
dimensional (2D) platelets2>26 as well as hierarchical materials.27.28 Transposition
of these concepts to m-stacking molecular amphiphiles has allowed the control of
the dimensions of 1D and 2D supramolecular assemblies.29-37

A recent focus has involved formation of well-defined nanowires via the
living CDSA of crystallizable t-conjugated core-forming blocks such as P3HT38-40,
OPV41-44) poly(cyclopentenylene-vinylene)*3, polyselenophene#t and
polytellurophene#’. Uniform fibers with a P3HT core prepared via this method
have been incorporated into OFET devices.#8 The ability to study nanofibers with
controlled lengths has allowed key structure-properties relationships to be
established; for example, that increased fiber length results in higher charge
carrier mobilities.48

We very recently reported the preparation of low dispersity nanowires
with a crystalline poly(di-n-hexylfluorene) (PDHF) core by “living” CDSA.#° Due to
the efficient epitaxial crystallization of PDHF inherent to the self-assembly
method, the low dispersity nanowires possess a remarkably well-ordered core,
which enables exciton diffusion lengths above 200 nm to be achieved. The value
observed in these nanowires surpasses that typically observed for bulk processed
conjugated polymer samples (< 10 nm) and is well above the critical length
needed for virtually quantitative light absorption suggesting intriguing practical
potential. Detailed photophysical measurements were performed on nanofibers
which exhibit exciton energy-transfer from the donor crystalline PDHF core to the
solvated lower-energy P3HT corona as an acceptor. However, for the ultimate
creation of devices, heterojunctions in which both the donor and acceptor exist in
the solid-state are desirable.5 With this in mind, we report herein proof-of-
concept results on a new versatile approach to prepare m-conjugated polymer
heterojunction nanowires in which the acceptor also exists in the crystalline state
rather than solvated in solution. This involves the use of “Living” CDSA combined
with a subsequent crystallization step for the acceptor material. This approach
allows access to both coaxial and segmented conjugated polymer heterojunction
nanowires which exhibit Forster resonance energy transfer (FRET) between the

crystalline donor and acceptor regions.
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2.3. Results and Discussion

2.3.1. Synthesis and Characterization of PDHF BCPs

In this work poly(di-n-hexylfluorene) (PDHF) was selected as the donor
domain and the underlying inner crystalline core of the nanofibers. In order to
form the heterojunction nanofibers, we chose poly(3-(2’-ethyl)hexylthiophene)
(P3EHT) as the second crystallizable core-forming block.51-53 The branched side
chains on the thiophene unit offers different solubility characteristics to PDHF and
relatively slow crystallization kinetics compared to P3HT with linear side chains.
5354 We have previously reported that P3HT-based block copolymers can undergo
CDSA in a range of different THF:MeOH solvent mixtures.3® We hypothesized that
a more soluble P3EHT segment should not aggregate in solutions with high
contents of THF but would be expected to aggregate and crystallize in solutions
rich in a polar solvent such as methanol. In addition, P3EHT was also selected as
the acceptor polymer over the quaternized polythiophene (QPT) acceptor
copolymer in our previous report#? as it is crystallizable whereas QPT is not. As a
result, a detailed comparison between this work and our previously reported
system is not possible. Instead, we aim to provide a direct comparison of the
energy transfer behavior for fibers made from the same polymer with either a
PDHF-donor crystalline core and solvated P3EHT acceptor or a dual PDHF-donor
and P3EHT-acceptor crystalline core.

The fluorescence emission of PDHF is in the 400-500 nm range and
possesses good overlap with the absorption of P3EHT in THF:MeOH solvent
mixtures (Amax = 440-480 nm) (Figure S2. 4), indicating Forster resonance energy
transfer (FRET) between the core-forming blocks of PDHF and P3EHT would be
expected. Hydrophilic PEG was chosen as the corona-forming block to afford
colloidally stable nanofibers. This choice also allows the use of a polar solvent for
self-assembly that is unfavorable for both the PDHF and P3EHT blocks, facilitating
CDSA in solution.

High purity and low dispersity PDHFs-b-P3EHT25-b-PEG113 triblock
copolymer used for stepwise CDSA studies was synthesized by employing a
copper-catalyzed azide-alkyne cycloaddition click reaction (CuAAc) with azido-

terminated PEG113 and alkyne-terminated PDHFs-b-P3EHT2s (Scheme S2. 1). The
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core-forming diblock of PDHFs-b-P3EHT25 was synthesized via sequential
Grignard metathesis (GRIM) polymerization of 2-bromo-7-iodo-9,9-bis-n-
hexylfluorene and 2,5-dibromo-3-(2’-ethyl)hexyl thiophene followed by addition
of ethynyl magnesium bromide to quench the polymerization and afford alkyne-
terminated diblock copolymer. The PDHF-b-P3EHT BCP was subsequently
purified by Soxhlet extraction to afford low molecular mass dispersity (Pm = 1.24)
and the final PDHF-b-P3EHT-b-PEG triblock copolymer was purified by silica gel
chromatography (Pm = 1.17). An aliquot from the GRIM polymerization before the
addition of the activated 2,5-dibromo-3-(2’-ethyl)hexyl thiophene was collected
to characterize the PDHF block. From matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry the degree of polymerization of
the PDHF block was calculated to be 8 and a number-average molecular mass (Mhn)
of 2738 Da was found (Figure S2. 1). Analysis of the 1H NMR spectrum of PDHF-b-
P3EHT-b-PEG triblock copolymer, allowed for the determination of the ratio of the
PEG113 block to the PDHF and P3EHT blocks, which allowed for the degree of
polymerization for each block to be determined as 8 for the PDHF block
(consistent with MALDI-TOF analysis) and 25 for the P3EHT block (Figure S2. 2).
Analysis by gel permeation chromatography (GPC) showed that all the materials
synthesized are of high purity and low molecular mass dispersity (Pm < 1.24)
(Figure S2. 3). The chemical structure of the materials studied are described in

Scheme 2. 1 and Table S2. 1, respectively.
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Scheme 2. 1: Chemical structures of PDHF14-b-PEGz27, PDHFs-b-P3EHT25, PDHFs-b-P3EHT25-b-
PEG113 and P3EHT23.
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2.3.2. Self-assembly and Seeded Growth of PDHF-b-P3EHT-b-PEG to form
fiber-like micelles with a PDHF core

The creation of nanowires with an inner PDHF core, an outer P3EHT core
and a PEG corona required careful choice of solvents and the use of a two-step self-
assembly strategy. Prior to attempting the preparation of nanowires with a
crystalline core composed of both PDHF and P3EHT, the self-assembly conditions
for both PDHF and P3EHT were considered separately. We have previously shown
that PDHF14-b-PEG227 can self-assemble into 1D nanowires with a crystalline core
of PDHF in a mixed solvent system of tetrahydrofuran (THF) and methanol
(MeOH) (1:1, v/v), using MeOH as a selective solvent for the PEG block (Figure 2.
1a, ¢).#9 In comparison to the PDHF repeat unit with linear sidechains, P3EHT has
branched sidechains. As a result, P3EHT was expected to possess different
solubility behavior and reduced crystallization kinetics compared to PDHF. To test
this hypothesis, MeOH was added dropwise to solvated P3EHT23 homopolymer in
THF until a ratio of THF:MeOH (1:1, v/v) was reached. After 24 h no observable
aggregation was detected by either the Tyndall effect or by transmission electron
microscopy (TEM) analysis (Figure S2. 5). In addition, the UV-vis spectrum of this
solution in THF:MeOH (1:1, v/v) resembled that of the dissolved P3EHT23
homopolymer in THF (Figure S2. 5). These results strongly indicate that in
THF:MeOH (1:1, v/v), P3EHT blocks should remain solvated whereas PDHF blocks

will precipitate.
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(a)

(b)

Polydisperse PDHF-b-PEG
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Polydisperse
PDHF-b-P3EHT-b-PEC Micelles
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PDHF-b-P3EHT-b-FEC Unimer

Figure 2. 1: Chemical structure and schematic illustration of the self-assembly of (a) PDHF14-b-
PEG227 in THF:MeOH (1:1, v/v) to form nanofibers with a PDHF crystalline core and (b) PDHFs-b-
P3EHT2s-b-PEG113 in THF:MeOH (1:1, v/v) to form nanofibers with a PDHF crystalline core. (c-d)
TEM images of (c¢) PDHF14-b-PEG227 and (d) PDHFs-b-P3EHT25-b-PEG113 nanofibers. Scale bars: 1
um. Insets: schematic illustration of the nanofibers (top right) and a photograph of the solution of
self-assembled nanofibers pointed at with a laser pen (wavelength ca. 650 nm) showing a strong
Tyndall effect (bottom right).

The self-assembly behavior of the triblock copolymer PDHFs-b-P3EHT25-b-
PEG113 was therefore studied under the same solvent conditions, THF:MeOH (1:1,
v/v). The tri-BCP was dissolved in THF and then MeOH was added dropwise (over
ca. 2 minutes) to reach a 1:1 ratio. The dropwise methanol addition is preferred
over direct addition as this process leads to more controlled aggregation and
facilitates crystallization. After 5 minutes, a strong Tyndall effect was observed for
the solution of PDHFs-b-P3EHT25-b-PEG113 in THF:MeOH (1:1, v/v) which
suggests some aggregation has already occurred (Figure 2. 1d). This was also
observed for PDHF14-b-PEG227 (Figure 2. 1c). After aging for 24 h, TEM analysis of
aliquots after solvent evaporation demonstrated the exclusive formation of long
fiber-like micelles (ca. 8 um) which were polydisperse in length. The absence of a

detectable thin film on the substrate attributable to residual molecularly dissolved
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BCP (unimer) suggested that all of the unimer was consumed (Figure 2. 1b, d). As
the P3EHT polymer does not aggregate under these solvent conditions, the self-
assembly of the triblock copolymer should be exclusively driven by the
precipitation and crystallization of the core-forming PDHF block. The UV-vis
spectrum for PDHFs-b-P3EHT25-b-PEG113 fibers in THF:MeOH (1:1, v/v) displayed
broadened peaks, relative to the peaks in the UV-vis spectrum of the unimer
solution in THF (Figure S2. 6). A new, slightly blue-shifted peak was observed at
370 nm compared to the peak at 390 nm in THF, which can be attributed to H-like
aggregate behavior for the PDHF block.>5-57 In addition, the intensities of the peaks
at 430 and 470 nm were enhanced compared to unimer solution in THF. This
indicates the presence of interchain m-m stacking interactions between P3EHT
blocks. Under the same conditions, no evidence for similar interactions with the
P3EHT23 homopolymer was apparent as the UV-vis spectrum of the THF:MeOH
(1:1, v/v) solution was identical to the UV-vis spectrum in THF (Figure S2.5).

As selective precipitation of the PDHF core-forming block in the triblock
copolymer was achieved in THF:MeOH (1:1, v/v), living CDSA was also
investigated in this solvent system (Figure 2. 2a). The initial polydisperse fibers
ca. 8 um (Figure 1d) formed from CDSA of PDHFs-b-P3EHT25-b-PEG113 in
THF:MeOH (1:1, v/v) were subjected to vigorous sonication for 2 h at 0°C followed
by annealing at 45°C for 3 h to further increase the crystallinity of the fiber cores,
and then slow cooling to 20°C. This resulted in low dispersity seed micelles (Ln =
68 nm, Lw/Ln = 1.08, where Lw is the weight-average length and Ln is the number-
average length) confirmed by TEM (Figure S2. 7). To hinder the possibility of
competitive homogenous nucleation, seeded growth experiments were
performed at 30°C, the temperature at which the PDHFs-b-P3EHT25-b-PEG113
unimer solution is more colloidally stable. These experiments involved addition
of PDHFs-b-P3EHT25-b-PEG113 unimer (in THF) to the seed micelle solution in
THF:MeOH (1:1, v/v) followed by rapid shaking for 10 s and aging at 30°C for 24
h.
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Figure 2. 2: Schematic illustration of the seeded growth protocol employed to prepare low
dispersity PDHFs-b-P3EHT25-b-PEG113 nanofibers in THF:MeOH (1:1, v/v). The unimer was added
as a solution in THF. TEM images of nanofibers of controlled length prepared by seeded growth of
PDHFs-b-P3EHT25-b-PEG113 BCPs from seed micelles (Ln= 68 nm, Lw/Ln= 1.08) with mMunimer/Mseed
values of (b) 1, (c) 5, (d) 10, (e) 20 and (f) 30. Scale bars: 2 pm, Inset scale bars: 500 nm. (g) Graph
of micelle number-average length (Ln) against unimer-to-seed ratio (Munimer/Mseed) showing a
linear correlation.

This seeded growth protocol was repeated at a range of different unimer-to-
seed ratios, Munimer/Mseed, by varying the volume of unimer solution added. After
24 h, TEM analysis confirmed the formation of a range of uniform nanofibers of
controlled length, from 155 to 1765 nm (Figure 2. 2b-f, Figure S2. 8). The length
dispersity of the fibers was calculated by dividing the weight-average length (Lw)
by the number-average length (Ln); all the fibers prepared using different
Munimer/Mseed ratios had low length dispersities (Lw/Ln < 1.03) (Table S2. 2). Well-
behaved living CDSA behavior was apparent as the Ln values for the fiber-like
micelles showed a linear dependence on the munimer/Mseed value (Figure 2. 2g) and
the lengths observed up to a munimer/mseed 0f 20 were consistent within
experimental error with those predicted based on a seed length of 68 nm

assuming no change in the core dimensions. However, at a Munimer/Mseed ratio of
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30, the experimentally obtained length of the fibers (Ln = 1765 nm) diverged
significantly from the theoretically predicted value (Ln = 2110 nm). This indicated
that epitaxial growth was not as well-controlled when unimer-to-seed ratios
above 20 were employed. Lower experimental values for Ln compared to theory
are consistent with the presence of competitive homogeneous nucleation at high
unimer concentrations.3® From TEM analysis there is evidence of some self-
nucleation events as a very small amount (< 1%) of short fibers were detected
(Iength ca. 300 nm) (Figure S2. 9). Nevertheless, the amount of self-nucleation
appears small as the observed fiber length (Ln = 1765 nm) would correspond to
an effective seed length of 57 nm, which is still within one standard deviation (o)

of the experimentally obtained value for the seeds (Ln = 68 nm, ¢ = 20 nm).

2.3.3. Templated crystallization of P3EHT on the inner PDHF core

Next, we attempted to crystallize the acceptor P3EHT segment as an outer
core-forming block by using the underlying donor PDHF core-forming block as a
template. The templated crystallization of block copolymer segments via the use
of preformed crystallized blocks as lamellar substrates has been previously
reported in solution.>® In our case, based on previous work on analogous
nanofibers from the diblock copolymer PDHF14-b-PEG227, the fiber-like nanowires
in THF:MeOH (1:1, v/v) were anticipated to possess a rectangular PDHF core
where the width of the fiber represents the extended chain length of the PDHF
block and the coronal chains flank the parallel interfaces either side.*®> When the
THF:MeOH ratio of a solution of PDHFs-b-P3EHT25-b-PEG113 nanofibers with a
PDHF core was increased from 1:1 to 1:9, by dropwise MeOH addition over ca. 2
minutes at 20°C followed by ageing for 24 h, aggregation of the P3EHT block to
produce heterojunction nanofibers with cores comprising both crystalline PDHF
and also P3EHT was detected (Figure 2. 3a) (vide infra).

TEM analysis (Figure 2. 1d and Figure S2. 10) allowed a comparison of the
number-average fiber widths (Whs) and weight-average fiber widths (Ww) for the
fibers formed in THF:MeOH (1:1, v/v) and (1:9, v/v) and provided evidence that
the P3EHT block had also formed part of the core in the latter case (Figure S2. 11).
In each case the width detected by TEM was expected to represent the electron

dense core region. PDHF is a rigid rod polymer and as the degree of
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polymerization is relatively low, a fully chain extended conformation is expected.
As noted above, we have previously shown this to be the case for nanofibers with
a PDHF14 core?®. For example, fiber-like micelles of PDHF14-b-PEGz227 possessed a
width of 12.9 nm, in good agreement with that for an expected extended PDHF14
chain (12.5 nm) with a repeat unit length of 0.89 nm.#® The analogous length of a
fully extended PDHFs chain is estimated to be ca. 7.1 nm. However, the width of
the fibers prepared in THF:MeOH (1:1, v/v) determined via TEM (Wn = 14 nm,
Wn/Ww = 1.04) was double this value. This indicated that aggregation and
potentially some crystallization of P3EHT at the locally parallel interfaces each
side of the inner PDHF core presumably occurs upon solvent evaporation. In the
case of regioregular poly(3-alkylthiophene)s the critical molecular weight below
which polymer chains are fully extended is ca. 10 kDa (for P3EHT the critical chain
length is ~ 52 repeat units).5%60 Assuming a length of 0.387 nm for a single
monomer unit of P3EHT,®1.62 the contour length of a fully extended P3EHT2s chain
is estimated to be ca. 10 nm, which is far greater than the additional width
unaccounted for (ca. 3.5 nm) flanking each side of the inner PDHF core. Assuming
that the PDHF exists in a chain extended state as previously detected,*? this
indicates that on drying the P3EHT has aggregated around the PDHF core,
presumably without significant crystallization, and that this component only
makes a relatively small but significant contribution to the observed width by
TEM.

For the nanofibers subjected to a slow increase in MeOH concentration from
THF:MeOH 1:1 to 1:9 (v/v), if the P3EHT has also aggregated, the core should
consist of an inner PDHF region with an additional outer flanking core of P3EHT
on each side. If both the PDHFs and P3EHT2s blocks are crystallized and the
polymer chains exist in the fully extended conformations the observed fiber width
should be ca. 27 nm (PDHF = 7 nm; P3EHT = 2 x 10 nm). From TEM analysis, the
fiber width in THF:MeOH (1:9, v/v) is Wh = 24 nm (Whn/Ww = 1.02). This value is
substantially larger than that in THF:MeOH (1:1, v/v) (Wn = 14 nm, Wh/Ww = 1.04)
and is similar to the expected extended chain length of one PDHFs block and the
two outer P3EHT2s blocks (ca. 27 nm). This data is consistent with precipitation
and crystallization of the P3EHT block on the outer edges of the PDHF inner

crystalline core.
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Further evidence for the aggregation and crystallization of the P3EHT
segment was provided by UV-vis spectroscopy and wide-angle X-ray scattering
(WAXS). A red-shifted shoulder (ca. Aabs = 500-550 nm) on the UV-vis absorbance
peak of P3EHT was observed (in THF:MeOH 1:9, v/v). This vibronic peak has been
attributed to solid-state aggregation and ordering of the P3EHT chains®3.64 (Figure
S2.6). A similar peak was detected in the UV-vis spectrum of P3EHT homopolymer
in the same MeOH rich solvent medium where this material forms a red
precipitate (Figure S2. 5). The PDHFs-b-P3EHT25-b-PEG113 nanofibers in
THF:MeOH (1:9, v/v) appeared colloidally stable (Figure 2. 3¢ and Figure S2. 10)
and exhibited significantly quenched fluorescence (ca. 90 %, 0.01 mg mL1)
compared to the fibers with a solvated P3EHT block in THF:MeOH (1:1, v/v)
(Figure S2. 12). As poly(3-alkylthiophene)s exhibit significant quenching of
fluorescence in the solid-state relative to the solvated state, attributed to non-
radiative decay via strong interchain interactions, polaron formation upon light
absorption or intersystem crossing (heavy atom sulfur), this observation suggests
the presence of interactions between the P3EHT chains and is consistent with
their aggregation®>-67. WAXS was performed on PDHFs-b-P3EHT25-b-PEG113
nanofibers (Ln = 1132 nm, Lw/Ln = 1.01) in THF:MeOH (1:9, v/v). The WAXS
pattern of the nanofibers in solution exhibited weak Bragg peaks at q values of
0.56, 0.78, 1.09 and 1.24 A1 that were superimposed on the amorphous solvent
scattering peak (Figure S2. 13a). These observed peaks are all in close agreement
with previously measured Bragg peaks of crystalline P3EHT in the solid-state.¢8
For the crystalline PDHF inner core region, Bragg peaks would be anticipated at q
values of 0.41, 0.71 and 1.35 A1 49 However, no peaks corresponding to these
values could be detected, presumably as a result of dilution, the low degree of
polymerization of the PDHFs block, and background scattering of the solvent.
WAXS analysis of a bulk sample of PDHFs-b-P3EHT2s revealed Bragg peaks
corresponding to both crystalline PDHF# (q = 0.41, 0.71 and 1.37 A1) and
P3EHTS8 (q = 0.82, 0.97, 1.15, 1.47, 1.64 and 1.76 A1) domains (Figure S2. 13b).
Overall these results indicate that both the PDHF and P3EHT blocks crystallized
in the core of the nanofibers in THF:MeOH (1:9, v/v).
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2.3.4. Energy transfer between the inner PDHF and outer P3EHT cores

In order to explore the behavior of the nanowires as heterojunctions, the
potential for energy transfer between the donor PDHF inner core and the acceptor
P3EHT outer core was investigated by fluorescence spectroscopy (Figure 2. 3d).
First, to ensure that fluorescence data collected for the fibers in THF:MeOH (1:1,
v/v) can be directly compared to fluorescence data for fibers in THF:MeOH (1:9,
v/v) we needed to rule out the presence of residual unimer. In the seeded growth
experiments in THF:MeOH (1:1, v/v) discussed previously, the observed fiber
lengths matched those expected based on the unimer-to-seed ratio which was
consistent with complete unimer consumption. To further ensure no unimer is
present in fiber solutions in THF:MeOH (1:1, v/v), methanol was added to low-
dispersity PDHFs-b-P3EHT25-b-PEG113 nanofibers (Ln = 527 nm, Lw/Ln = 1.02)
until a ratio of THF:MeOH (1:9, v/v) was reached. After ageing for 5 days, no
significant change in fiber length (Ln = 524 nm, Lw/Ln = 1.03) was detected by TEM
(Figure S2. 14). This observation strongly indicates that no remaining unimer was
present in the original solution otherwise an increase in fiber length would have
transpired. Furthermore, dialysis of the fiber solutions in THF:MeOH (1:1, v/v)
and THF:MeOH (1:9, v/v) into the same solvent systems for 2 days was also
carried out to ensure the removal of any residual unimer.

Normalized fluorescence spectra of PDHFs-b-P3EHT25-b-PEG113 unimers in
THF and the nanofiber solution (Ln = 751 nm, Lw/Ln = 1.01) in THF:MeOH (1:1,
v/v) showed that the majority of the fluorescence corresponds to the PDHF Io-o
vibronic band (Amax =416 nm)%°7% when the PDHF core is selectively excited at
380 nm (Figure 2. 3b). In THF, where both PDHF and P3EHT blocks are solvated,
there was only a small fluorescence contribution from the P3EHT segment (Amax =
562 nm). However, in THF:MeOH (1:1, v/v) an increased contribution to the
fluorescence from the P3EHT was observed. This is indicative of enhanced FRET
occurring from the crystalline PDHF core, which functions as a donor, to the
solvated acceptor P3EHT corona leading to quenching of the PDHF emission. In
THF:MeOH (1:9, v/v), where the P3EHT forms an outer-crystalline core, the major
contribution to the emission was from the P3EHT (Amax = 580 nm) as this block
becomes more ordered and the FRET from the PDHF is increased. The slight shift
in the P3EHT emission was also observed for the homopolymer in THF:MeOH (1:9,
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v/v) relative to the emission peaks in THF and THF:MeOH (1:1, v/v) (Figure S2.
15). In addition, significant quenching of the emission was also observed in
THF:MeOH (1:9, v/v) compared to THF:MeOH (1:1, v/v) which is also indicative
of P3EHT aggregation (Figure S2. 12). The relative FRET efficiency (Erel) of the
donor-acceptor system can be estimated from the fluorescence spectra. This is
calculated by dividing the emission intensity of the acceptor (P3EHT, Amax = 562-
580 nm) by the total emission intensities of the donor and acceptor (PDHF-donor,
Amax = 416 nm; P3EHT-acceptor, Amax = 562-580 nm). The smallest relative FRET
efficiency was observed for the unimers in THF (Eret = 0.09). This was increased
for the nanofibers with a PDHF core in THF:MeOH (1:1, v/v) (Erel = 0.28) and
further enhanced with the nanofibers with a PDHF-b-P3EHT core in THF:MeOH
(1:9,v/v) (Ere1 = 0.62). Overall, these observations suggest the presence of ordered
P3EHT domains in THF:MeOH (1:9, v/v) which improves the efficiency of the
energy transfer form PDHF donor to the P3EHT acceptor.
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Figure 2. 3: (a) Schematic illustration of the living CDSA protocol employed to prepare low
dispersity nanofibers with a crystalline inner PDHF and outer P3EHT core. (b) Normalized
solution-state photoluminescence spectra of PDHFs-b-P3EHT2s-b-PEG113 unimers in THF
Normalized solution-state photoluminescence spectra of PDHFs-b-P3EHT25-b-PEG113 unimers in
THF (blue trace) and nanofibers (Ln =751 nm, Lw/Ln = 1.01) in THF:MeOH (1:1, v/v) (purple trace)
and in THF:MeOH (1:9, v/v) (red trace) after dialysis (2 days, dialysis tubing molecular weight cut-
off = 14,000 kDa) to remove any residual unimer. For Photoluminescence spectra, Aex = 380 nm.
(c) Photograph of PDHFs-b-P3EHT25-b-PEG113 (from left to right) in THF, THF:MeOH (1:1, v/v) and
THF:MeOH (1:9, v/v) under UV light (365 nm). (d) Energy level diagram of PDHF7! and P3EHT.72
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2.3.5. Formation of A-B-A and B-A-B segmented heterojunction nanowires

Finally, we explored the formation of uniform 1D segmented nanofibers via
the “living” CDSA process. Segmented nanowires with a continuous PDHF-donor
core and either a P3EHT-b-PEG-acceptor corona or an electronically insulating
PEG corona were prepared by the stepwise co-assembly of BCPs via living CDSA.
Subsequent addition of further PEG selective solvent was then used to induce
aggregation and crystallization of the P3EHT acceptor block to afford solid-state
heterojunction nanowires.

We have previously reported that an all-m-conjugated donor-acceptor
diblock copolymer comprising a PDHF core-forming block and a quaternized
polythiophene corona-forming block could undergo epitaxial growth from the
termini of low dispersity PDHF14-b-PEGz27 nanofibers to form uniform segmented
nanowires.*® Although PDHFs-b-P3EHT25-b-PEG113 contains two types of core-
forming blocks, the PDHF block should selectively grow from the core termini of
the PDHF14-b-PEG227 nanofibers under solvent conditions in which the P3EHT
block is solvated (THF:MeOH, 1:1, v/v). To prepare nanowires with terminal
crystalline heterojunction segments, PDHFs-b-P3EHT25-b-PEG113 unimer in THF
was rapidly added to uniform PDHF14-b-PEGz7 fibers in THF:MeOH (1:1, v/v) (Ln =
247 nm, Lw/Ln = 1.04) at 30°C, shaken for 10 s and aged at 30°C for 1 day (Figure
2. 4a). Subsequently the PEG-selective solvent MeOH was slowly added over

several minutes until a ratio of 1:9 (v/v) of THF:MeOH was reached.
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Figure 2. 4: (a) Schematic illustration of the preparation of low dispersity B-A-B segmented
nanofibers with a central PDHF14-b-PEG227 segment (A) and terminal PDHFs-b-P3EHT25-b-PEG113
segments (B). (b) TEM image of B-A-B segmented nanofibers (Ln = 739 nm, Lw/ Ln = 1.02) in
THF:MeOH (1:9, v/v) prepared from the epitaxial growth of PDHFs-b-P3EHT25-b-PEG113 unimers
from PDHF14-b-PEG227 seed micelles (Ln = 247 nm, Lw/Ly, = 1.04). (¢) LCSM image of B-A-B
segmented nanofibers (Ln= 3473 nm, Lw/ Ly = 1.03) in THF:MeOH (1:9, v/v) prepared from the
epitaxial growth of PDHFs-b-P3EHT2s-b-PEG113 unimers from PDHF14-b-PEG227 seed micelles (Ln=
972 nm, Lw/ Ln= 1.02). LCSM image was taken with both blue (PDHF) and red (P3EHT) channels.
Scale bars: (b) 1 um and (c) 10 um.

From TEM analysis, uniform B-A-B (A = PDHF14-b-PEG227, B = PDHFs-b-
P3EHT25-b-PEG113) segmented nanofibers (Ln = 739 nm, Lw/ Ln = 1.02) with
distinct segments could be detected with the visibly thicker terminal B segments
flanking the 247 nm long A PDHF14-b-PEG227 segment (Figure 2. 4b). This would
be expected based on the presence of a coaxial core in the B segments containing
both crystalline PDHF and P3EHT. Although the unimers possessed a significantly
smaller degree of polymerization compared to the seeds (8 vs 14), no branched
micelle formation was detected. The electron density contrast with the carbon film
substrate was sufficient for quantification measurements which gave larger fiber
widths for the terminal B regions (Wh = 24 nm, Wh/Ww = 1.01) compared to the A
segments (Wn = 14 nm, Wh/Ww = 1.04) (Figure S2. 16). These widths are similar
to those expected based on the extended chain lengths for PDHF14 (12.5 nm)*° for
the A segment and, as discussed earlier, for PDHFs (7 nm) and P3EHT2s5 (10 nm)
for the B segment. The corresponding values for the B and A segments would be
predicted to be 27 nm and 12.5 nm, respectively. Furthermore, atomic force

microscopy (AFM) analysis also showed that the fiber width for the terminal B
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segments (ca. 23 nm) was also larger than for the central A segment (ca. 17 nm).
Both of these values include a contribution from the PEG corona. Interestingly, the
height of the terminal B segments (ca. 10 nm) was found to be substantially larger
than that of the central A segment (ca. 5 nm) (Figure 2. 5a-b and Figure S2. 17).
This observation suggests that some of the coronal PEG chains may have
aggregated on top of the PDHF/P3EHT core during the drying process. The
presence of the wider PDHF/P3EHT core present in the B segments appears to be
the decisive factor underlying this phenomenon despite the smaller degree of
polymerization of the PEG corona relative to the A segments. To investigate this
possibility, the adhesion profile was determined (Figure 2. 5¢c-d and Figure S2. 18).
This AFM data was consistent with the PEG coronas flanking the fiber core which,
based on the height and width data, has a ribbon-like morphology. Moreover, from
the adhesion profile, higher adhesion on the edges of the micelle core (ca. 100 mV)
was detected on the terminal B segments compared to the central A segment (ca.
50 mV) (Figure 2. 5d). This suggests that PEG corona may partially reside on top
of P3EHT blocks in the B segments, which may also account for their increased
height.

To visualize the different segments by laser confocal scanning microscopy
(LCSM) imaging, long B-A-B segmented fibers were prepared where the length of
the A segments (Ln=972 nm, Lw/ Ln= 1.02) exceeds the length over which efficient
exciton diffusion occurs for PDHF cores (ca. 200 nm) .#° For this reason, some
PDHF emission from the central A segment was anticipated as well as orange
emission for the terminal segments with an acceptor P3EHT outer core. LCSM
imaging of B-A-B segmented nanofibers (A: Ln= 972 nm, Lw/ Ln=1.02; B-A-B: Ln=
3473 nm, Lw/ Ln = 1.03) in THF:MeOH (1:9, v/v) confirmed the formation of
segmented heterojunction nanofibers (Figure 2. 4c). Segments with different
fluorescence emission were observed; the central A segment possessing a PDHF
crystalline core displayed blue emission and the terminal B segments with a
PDHF-b-P3EHT crystalline core showed red/orange emission from the outer

P3EHT segment due to FRET.
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Figure 2. 5: AFM images of low-dispersity B-A-B segmented nanofibers (A: Ln = 247 nm, Lw/Ln =
1.04; B-A-B: (Ln=739 nm, Lw/ Ln = 1.02) drop cast from THF:MeOH (1:9, v/v) on to mica. (a) Height
image of B-A-B segmented nanofibers and (b) corresponding height traces. (c¢) Adhesion image of
B-A-B segmented nanofibers and (d) corresponding adhesion profile traces. The central A segment
analysis is collected from the orange trace and terminal B segments analyses were collected from
the green and red traces.

To prepare nanowires with an “inverse” A-B-A structure with a central
crystalline heterojunction B segment (Figure 2. 6a), PDHF14-b-PEG227 unimers in
THF was added to uniform PDHFs-b-P3EHT2s5-b-PEG113 fibers in THF:MeOH (1:1,
v/v) (Ln =396 nm, Lw/Ln = 1.01) at 30°C. The resulting solution was shaken for 10
s and then aged at 30°C for 1 day. The PEG-selective solvent MeOH was
subsequently added to obtain a ratio of 1:9 (v/v) of THF:MeOH. The resulting
uniform nanofibers (Ln= 2785 nm, Lw/Ln= 1.04) were characterized by TEM
analysis (Figure S2. 19). Interestingly, despite the larger degree of polymerization
for the unimer compared to the seeds (14 vs 8), epitaxial growth proceeded in
normal fashion. Fiber core widths for the central B segment (Wh = 27 nm, Wn/Ww
= 1.02) were found to be significantly larger than for the terminal A segments (Whn
=17 nm, Wh/Ww = 1.03) (Figure S2. 20). The value for the central B segment is
close to the sum of the extended PDHF and P3EHT chain lengths (ca. 27 nm) but
that for the terminal A segments is larger than anticipated (ca. 12.5 nm for
PDHF14). The discrepancy in the latter case may arise from the difficulty in

precisely assigning the position of the core-corona interface and highlights the
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likely scenario that errors are inherent to these measurements on organic
components which differ only slightly in terms of their electron density. LCSM
imaging of A-B-A segmented nanofibers in THF:MeOH (1:9, v/v) (B: Ln= 1237 nm,
Lw/ Ln=1.05; A-B-A: Ln= 6296 nm, Lw/ Ln = 1.07) further confirmed the presence
of A-B-A segmented nanofibers with distinct segments with different fluorescence
emission. The central B segment consists of a 1237 nm long PDHF-b-P3EHT
crystalline core (predominantly red/orange P3EHT emission) and the long A
segments (2530 nm each) consist of only a PDHF crystalline core, which are longer
than the exciton diffusion length (ca. 200 nm) and which therefore give rise to blue
emission (Figure 2. 6b-d). When only the blue emission channel is viewed this

residual PDHF fluorescence can be detected (Figure 2. 6c¢).

(a)
- \ w ~
*’ ( Vs i "
= PDHF-b-P3EHT-b- . PDHE-b-
Unimers Unimers
Seed micelles Monodisperse Nanofibers ~ Il. THF: MeOH (1:9)

A-B-A
Segmented Nanofibers

(c)

Figure 2. 6: (a) Schematic illustration of the preparation of low dispersity A-B-A segmented
nanofibers with a central PDHFs-b-P3EHT25-b-PEG113 segment (B) and terminal PDHF14-b-PEG227
segments (A). LCSM images (b), (c) and (d) of A-B-A segmented nanofibers (Ln= 6296 nm, Lw/ Ln =
1.07) prepared from the epitaxial growth of PDHF14-b-PEG227 unimers from PDHFs-b-P3EHTz25-b-
PEG113 seed micelles (Ln= 1237 nm, Lw/Ln= 1.05) in THF:MeOH (1:9, v/v). LCSM images (b) and (d)
were taken with both blue (PDHF) and red (P3EHT) channels and (c) only with the blue channel.
Scale bars: (b) 10 pm and (c), (d) 4 pm.

69



Chapter 2

2.4. Summary

For polymer-based heterojunction nanowires of potential use in
optoelectronic devices, solid-state donor and acceptor materials are desirable. In
this proof-of-concept work we have successfully addressed this challenge via the
use of the living CDSA seeded growth method accompanied by an additional
crystallization step to create coaxial heterojunctions with controlled dimensions
and a crystalline energy-accepting outer core-forming P3EHT block surrounding
a crystalline PDHF inner core-forming block which functions as an energy donor.*°
Enhanced FRET from the PDHF inner core to the lower energy ordered P3EHT
outer core was detected compared to the directly analogous coaxial structure in
which the latter block was solvated. We have also shown that the “living” CDSA
approach can be applied to the preparation of uniform B-A-B and A-B-A
segmented nanofibers with precise control over the coaxial heterojunction
location along the crystalline nanofibers.

This work demonstrates a new approach to make various polymer-based
coaxial heterojunctions which may prove useful for the fabrication of organic
optoelectronic devices. Ongoing work is focused on detailed investigations of the
properties of these heterojunction nanowires, including studies of the energy-
transfer mechanism. We are also exploring the extension of this method to other
crystallizable p- and n-type m-conjugated polymers to create solid-state donor-
acceptor nanowires with tunable properties and enhanced exciton transport and
FRET efficiency and also their fabrication into devices, including those associated

with light harvesting, current rectification, and transistor behavior.
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2.5. Supporting Information

2.5.1. Materials and Methods

All reagents used for polymers synthesis were of reagent grade and were
used as received unless otherwise stated. The synthesis of PDHF14-b-PEG227 has
been reported elsewhere! and is not described here. The synthesis of P3EHT23
homopolymer has been reported elsewhere,>3 the experimental protocol was not
modified further and the degree of polymerization (23) and the number-average
molecular weight (Mn = 4452 Da) was determined by Matrix-Assisted Laser
Desorption/lonization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS).
Poly(ethylene glycol) methyl ether tosylate (Mn = 5000 Da, degree of
polymerization, DP = 113) was purchased from Sigma Aldrich and used as
received in the synthesis of PEG113-azide. All chemicals were used as received, 2-
bromo-7-iodofluorene was purchased from Fluorochem and all other chemicals
were purchased from Sigma Aldrich. For self-assembly experiments, reagent
grade solvents were filtered via a polytetrafluoroethylene membrane (0.2 um
pores).

Nuclear magnetic resonance (NMR). TH NMR spectra were taken with a
Varian 400 MHz spectrometer; chemical shifts were referenced to the residual
solvent peak (CHCl3, 6 = 7.26 ppm).

Gel Permeation Chromatography (GPC). Measurements were conducted
using a Viscotek GPCmax equipped with a UV detector operating at 400 nm and a
differential refractometer. Measurements were carried out at 1.0 mL min-! with
THF containing [nBusN]Br (0.1% w/w) as the eluent at 35°C, results were
measured against polystyrene standards (Viscotek). Samples were dissolved in
THF containing [nBusN]Br (0.1% w/w) at 0.2 mg mL-? and 2 mg mL-! and filtered
prior to analysis with syringe filters (polytetrafluoroethylene membrane, 0.2 um
pores).

Matrix-Assisted  Laser  Desorption/lonization  Time-Of-Flight = Mass
Spectrometry (MALDI-TOF MS). Measurements were conducted on a Bruker
Ultraflex Il ToF spectrometer under the reflector positive ion regime. Samples
were prepared with a 9:1 ratio of trans-2-[3-(4- tert-butylphenyl)-2-methyl-2-

propenylidene]malonitrile matrix (20 mg mL-! in THF) to polymer solution (0.2

71



Chapter 2

mg mL1 in THF). An aliquot of the resulting sample solution (ca. 2 pL) was
deposited onto the sample plate and dried under ambient conditions before
analysis.

Transmission Electron Microscopy (TEM). Samples were prepared by drop
casting 10 pL of a nanofiber solution onto a carbon-coated copper grid (Agar
Scientific, mesh size 200). Bright-field TEM micrographs were taken using a JEOL
JEM 1400 EX microscope operating at 120 kV, equipped with a Gatan Orius
SC1000 CCD camera. Micelle length distributions were determined using the
software program ImageJ developed at US National Institute of Health. A minimum
of 300 micelles were traced to determine their contour length and construct
histograms of the length distributions. This data allows for calculation of the
number average length (Ln), weight average length (Lw) for each sample, this is
calculated as shown below (L = length of fiber, N = number).

i=1 Nil; ey NiL?

L., =
?=1Ni v ?=1Ni Li

L, =

Atomic Force Microscopy (AFM). Samples were prepared by drop casting 10
uL of a nanofiber solution onto a carbon-coated mica. Imaging was taken using a
Bruker Multimode VIII atomic force microscope equipped with a ScanAsyst-HR
fast scanning module and a ScanAsyst-Air-HR probe (tip radius, 2 nm), under
ambient conditions utilising peak force feedback control.

Spectroscopic Measurements. UV /vis data were obtained on a Lambda 35
Spectrometer employing quartz cells (1 cm x 1 cm) from 200 to 800 nm.
Fluorescence spectra were obtained on a PTI QM40 Spectrofluorometer using an
excitation wavelength of Aex = 380 nm. Dialysis was performed using tubing with
a molar mass cut-off of 14,000 gmol-1.

Laser confocal scanning microscopy (LCSM). Images were obtained using
Leica SP5 system equipped with a Leica DMI6000 inverted epifluorescence
microscope (100 x (NA 1.4) oil immersion objective lens). A UV diode laser (at 405
nm), was used to excite the nanofibers and the digital false-color images obtained
were color coded (PDHF =blue, P3EHT =red). Sample concentrations ranged from
0.005 mg mL-1to 0.02 mg mL-1 in THF:MeOH (1:1, v/v) or THF:MeOH (1:9, v/v).

Wide-Angle X-ray Scattering (WAXS). Sample nanofiber solutions were
prepared by self-assembly at 0.5 mg mL-! in THF:MeOH (1:1, v/v) then changing
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the solvent system to THF:MeOH (1:9, v/v) via MeOH addition. These samples
were then concentrated to ca. 100 mg mL1 (>99 % solvent removal) under a
nitrogen stream then sealed in a quartz capillary tube (1.5 mm diameter) with
epoxy resin. Solid-state samples were drop cast onto mica or Kapton® film. A
Ganesha SAXS/WAXS apparatus (SAXSLAB, Denmark) was used and a Pilatus
300K 2D X-Ray Detector (Dectris, Switzerland) was used to measure the

scattering pattern.

2.5.2. Synthesis of alkyne-terminated PDHF-b-P3EHT

Alkyne-terminated PDHFs-b-P3EHT,5 was synthesized by sequential
Grignard Metathesis polymerization (GRIM). 2-Bromo-7-iodo-9,9-bis-n-
hexylfluorene and 2,5-Dibromo-3-(2’-ethyl)hexyl thiophene were synthesised
according to reported procedures.’3>3 2-Bromo-7-iodo-9,9-bis-n-hexylfluorene
(203 mg, 0.38 mmol) and 2,5-Dibromo-3-(2’-ethylhexyl) thiophene (267 mg,
0.75 mmol) were separately dissolved in 10 mL of anhydrous THF. The solution
of 2-bromo-7-iodo-9,9-bis-n-hexylfluorene was cooled to -20°C before 1.3 M
iPrMgCLLiCl (1 eq.) was added dropwise then the resulting solution was left to
stir for 90 min at -78°C. To the solution of 2,5-dibromo-3-(2’-ethylhexyl)
thiophene, 1.3 M iPrMgCIl.LiCl (1 eq.) was added dropwise at 20°C then the
resulting solution was left to stir for 110 min at 20°C. The activated fluorene
monomer was added in one rapid injection to a solution of Ni(dppp)Clz (10 mg,
0.019 mmol) and anhydrous THF (100 mL) at 0°C. After 20 minutes of stirring,
the activated thiophene monomer solution was then added in one quick
injection to the reaction mixture. After 2 h, 0.5 M ethynylmagnesium bromide (3
mL) was added to the reaction mixture which was then stirred for 10 min. The

resultant mixture was then precipitated into methanol, giving a red solid.
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Further purification by Soxhlet extraction in ethyl acetate, methanol then
chloroform followed by removal of solvent in vacuo and then repeated
precipitation into cold methanol (0°C) gave the purified polymer (red solid,
yield: 97 mg, 43 %). The degree of polymerisation of the PDHF aliquot was
calculated to be 8 and M,, = 2738 Da by MALDI-TOF with a 9:1 ratio of matrix to
polymer solution (0.5 mg mL-1in THF). Molecular mass dispersity (Pm = Mw/ My)
of 1.27 was determined by GPC analysis for the PDHFg homopolymer (Mw= 14,
103 Da and M,= 11, 072 Da). A molar mass dispersity (Pm) of 1.24 was
determined by GPC analysis for the PDHFg-b-P3EHT?>s diblock copolymer (Mw=
18,311 Da and M,= 14, 735 Da).
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Figure S2. 1: MALDI-TOF mass spectrum of Br/H-capped PDHFs homopolymer aliquot, M* = 2738

Da. The low intensity peak distribution corresponds to H/H-capped PDHFs homopolymer. The
mass of each PDHF repeat unit is 332 g mol-1.
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2.5.3. Synthesis of PDHF-b-P3EHT-b-PEG

Alkyne-terminated PDHFs-b-P3EHT25 (30 mg, 0.0039 mmol) and azide-
terminated PEG113 (25 mg, 0.0052 mmol) were dissolved in 3 mL of THF and
subjected to three consecutive freeze-pump-thaw cycles. Azide-terminated
PEG113 was synthesized according to a previously reported procedure.’# CuBr
(5.3 mg, excess) and PMDETA (8 uL, excess) were premixed and dissolved in 1
mL anhydrous THF then added to the polymer solution under N». The reaction
mixture was then heated to 45°C and stirred for 48 h. The polymers were then
purified by passing the reaction mixture through a basic alumina column to
remove Cu/PMDETA. Volatiles were removed in vacuo followed by repeated
precipitation into cold methanol to remove excess PEG113-N3. Residual alkyne-
terminated PDHFg-b-P3EHT25 was removed by silica gel chromatography
(eluent chloroform 100 %), then the triblock copolymer was collected using
chloroform and methanol (9:1, v/v) as the eluent. One of the collected fractions
was used for further studies and was precipitated into cold methanol, this gave
the product as a red solid (yield: 21 mg, 43 %). A molar mass dispersity (Pm ) of
1.17 was determined by GPC analysis for the PDHFg-b-P3EHT25-b-PEG113
polymer (Mw= 27, 353 Da and My= 23, 322 Da). 1H NMR (400 MHz, CDCI3) &
(ppm) = 7.62-7.85 (m, 50 H, polyfluorene aromatic x 6), 6.94 (s, 25 H,
polythiophene aromatic x 1), 3.64 (s, 452 H, polyethylene glycol-(CHz) x 2), 3.38
(s, 3 H, polyethylene glycol-CHs), 2.73 (d, 52 H, polythiophene-CH;), 2.12 (brs,
34 H, polyfluorene-(CHz) x 2), 1.69 (brs, 27 H, polythiophene-CH), 1.19-1.40 (m,
342 H, polyfluorene-(CH2(CH:)4) x 2 and polythiophene-CH2(CHz) x4), 0.75-0.93
(m, 223 H, polyfluorene-(CH3s) x 2 and polythiophene-(CH3) x 2).
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Figure S2. 2: 'H NMR spectrum of PDHFs-b-P3EHT2s-b-PEG113 (400 MHz, CDCl3). Residual CHzCl2

(0 =5.30 ppm) and H20 (8 = 1.56 ppm) are marked with an *.

Integration of the TH NMR spectrum of PDHF-b-P3EHT-b-PEG, allowed
the determination of the block ratio of the PEG to the PDHF and P3EHT blocks.

Comparing the aliphatic protons of PEG (6 = 3.64 ppm) to the aromatic protons
of PDHF (6 = 7.85-7.62 ppm) and the aromatic protons of P3EHT (6 = 6.94 ppm),
the block ratio of PEG: PDHF: P3EHT was estimated to be 1: 0.07: 0.22. A DP of
8 for the PDHF block and 25 for the P3EHT block was subsequently determined
from the known DP of the PEG block (113). The DP of the PDHF block based on
MALDI-TOF analysis was also 8.
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Figure S2. 3: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL min) at 35°C of PDHFs homopolymer (black trace), alkyne-terminated PDHFs-b-
P3EHT32s diblock copolymer (red trace) and PDHFs-b-P3EHT2s-b-PEG113 triblock copolymer (blue
trace).

2.5.4. CDSA of PDHF-b-P3EHT-b-PEG

Preparation of polydisperse PDHF-b-P3EHT-b-PEG nanofibers

In an example self-assembly protocol, 200 pL of methanol (MeOH) was
added dropwise to 200 pL of a 0.6 mg mL-! solution of PDHFs-b-P3EHT25-b-PEG113
block copolymer in THF at 30°C resulting in a final concentration of 0.3 mg mL-
land a ratio of THF to MeOH of 1:1 (v/v). The mixture was then shaken manually
for 10 s and aged at 30°C for 24 h before analysis by TEM imaging to confirm the
formation of polydisperse nanofibers of PDHFs-b-P3EHT25-b-PEG113.

Preparation of Seed Micelles

Seed micelles of PDHFs-b-P3EHT25-b-PEG113 block copolymers were
prepared by sonication of a 0.3 mg mL- solution in THF:MeOH (1:1, v/v) of
polydisperse nanofibers in an ultrasonic bath at 0°C for 2 h. To further increase
the crystallinity, after sonication the resulting solutions were heated to 45°C for 3
h then subsequently cooled slowly to 20°C and aged for 24 h. The samples were
then analysed by TEM imaging.
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Preparation of low dispersity PDHF-b-P3EHT-b-PEG nanofibers by seeded
growth

Seeded growth experiments were conducted by quickly injecting a known
volume of PDHFs-b-P3EHT25-b-PEG113 unimer (in THF, 3 mg mL-1, between 1-
15uL) to a solution of seed micelles in THF:MeOH (1:1, v/v) of a known
concentration (either 0.015 mg mL1 or 0.0075 mg mL-1). The samples were then
shaken for 10 s and aged at 30°C for 24 h before analysis by TEM. The contour
lengths of at least 300 micelles were measured from several TEM images of each

sample.

Preparation of low dispersity PDHF-b-P3EHT-b-PEG nanofibers with a dual
PDHF/P3EHT core

The THF:MeOH ratio of a solution of nanofibers with a PDHF core was
increased from 1:1 to 1:9 by dropwise MeOH addition over ca. 2 minutes at 20°C
followed by ageing for 24 h. Aggregation of the P3EHT block to produce
heterojunction nanofibers with cores comprising both crystalline PDHF and also
P3EHT was detected. The dropwise methanol addition was preferred over direct
addition as this process should lead to more controlled aggregation and

crystallization.

Preparation of B-A-B segmented nanofibers by seeded growth

1. Preparation of low dispersity nanofibers from PDHF14-b-PEG227 (A segment)

Seed micelles of PDHF14-b-PEG227 were prepared by sonication (0°C for 2 h
in an ultrasonic bath) of polydisperse fibers in THF:MeOH (1:1, v/v). A 20 uL
solution of these seed micelles (0.6 mg mL-1, L,=21 nm, Lw/Ln= 1.08) was diluted
with 600 pL of THF:MeOH (1:1, v/v). Then 20 pL of unimer PDHF14-b-PEG227
unimer solution (THF, 3 mg mL-1) was added to the dilute seed solution at 30°C.
The resulting mixture was shaken for 10 s and aged for 24 h at 30°C. Uniform
PDHF14-b-PEG227 nanowires (Ln= 124 nm, Lw/Ls= 1.05) were observed by TEM

analysis.
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2. Formation of low dispersity B-A-B segmented nanowires from living CDSA of
PDHFs-b-P3EHT25-b-PEG113 (B segments) from PDHF14-b-PEGz27 seeds (A segment)

A 12 pL solution of PDHF14-b-PEG227 nanofibers (0.11 mg ml-1, L,= 124 nm,
Lw/Ln= 1.05) in THF: MeOH (1:1, v/v) was diluted with 100 pL THF:MeOH (1:1,
v/v). Subsequently, 3 pL of PDHFs-b-P3EHT25-b-PEG113 unimer solution (THF, 2
mg mL1) was quickly injected into the dilute solution of PDHF14-b-PEGz227
nanofibers at 30°C. The resulting mixture was shaken for 10 s and aged for 24 h at
30°C. The solvent system was then adjusted until a ratio of 1:9 (v/v) of THF:MeOH
was achieved and aged for a further 24 h. Uniform B-A-B segmented nanofibers

(Ln=507 nm, Lw/Ln=1.02) were observed TEM analysis.

Preparation of A-B-A segmented nanofibers by seeded growth
1. Preparation of low dispersity nanofibers from PDHFs-b-P3EHT25-b-PEG113 (B

segment)

A 10 pL solution of PDHFs-b-P3EHT25-b-PEG113 seed micelles (0.2 mg mL-1,
Ln= 87 nm, Lw/Ls,= 1.05) in THF:MeOH (1:1, v/v) was diluted with 200 pL of
THF:MeOH (1:1, v/v). Then 3 pL of PDHFs-b-P3EHT25-b-PEG113 unimer solution
(THF, 2 mg mL-1) was added to the dilute seed solution at 30°C. The resulting
mixture was shaken for 10 s and aged for 24 h at 30°C. Uniform PDHFs-b-P3EHT2s-
b-PEG113 nanofibers (Ls= 396 nm, Lw/Ln= 1.05) were observed TEM analysis.

2. Formation of low dispersity A-B-A segmented nanowires from living CDSA of
PDHF14-b-PEG227 (A segments) from PDHFg-b-P3EHTzs5-b-PEG113 seeds (B segment)

A 20 pL solution of PDHFs-b-P3EHT25-b-PEG113 nanofibers (0.038 mg ml-1,
Ln= 396 nm, Lw/Lnr= 1.05) in THF:MeOH (1:1, v/v) was diluted with 200 pL of
THF:MeOH (1:1, v/v). Then 2 puL of PDHF14-b-PEG227 unimer solution (THF, 3 mg
mL-1) was added to the dilute seed solution at 30°C. The resulting mixture was
shaken for 10 s and aged for 24 h at 30°C. The solvent system was then adjusted
until a ratio of 1:9 (v/v) of THF:MeOH was achieved and aged for a further 24 h.
Uniform A-B-A segmented nanofibers (L,= 2785 nm, Lw/Ls= 1.04) were observed
by TEM analysis.
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2.5.5. Supplementary Figures
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Scheme S2. 1: Synthesis of PDHF-b-P3EHT-b-PEG. dppp = 1,3-bis(diphenylphosphino)propane.
PMDETA=N,N,N’,N”,N”-pentamethyldiethylenetriamine.

Table S2. 1: Characterization data for PDHF homopolymer and PDHF-based block copolymers

Material Composition M, (kg mol-1) M,, < (kg mol-1) Dne
PDHFga 11.1¢ 14.1 1.27
PDHFg-b-P3EHT:5 b 14.7¢ 18.3 1.24
PDHFg-b-P3EHT,5-b-PEG113 b 23.3¢ 27.4 1.17
PDHF14-b-PEG227 P 27.9¢ 32.1 1.15

Data obtained by @ MALDI-ToF, » 1H NMR and ¢ GPC (THF containing [nBusN]Br (0.1% w/w)).
Molecular mass dispersity = Pm (Mw/Mn).
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Figure S2. 4: Normalized solution-state UV-vis spectra of P3EHT2s homopolymer in THF:MeOH
(1:1, v/v) (purple trace) and in THF:MeOH (1:9, v/v) (red trace) and normalized solution-state
photoluminescence spectrum of PDHFs-b-P3EHT25-b-PEG113 unimers in THF (blue trace, marked
FI = fluorescence intensity), Aex = 380 nm. The spectrum in THF:MeOH (1:9, v/v) was obtained

rapidly after dilution of the THF:MeOH (1:1, v/v) sample with MeOH and before precipitation
occurred.
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Figure S2. 5: Photographs of a solution of P3EHT23 homopolymer in (a) THF, (b) THF:MeOH (1:1,
v/v) and (c) THF:MeOH (1:9, v/v) with a laser pen to monitor the Tyndall effect. The Tyndall effect
was only observed in THF:MeOH (1:9, v/v). (d) Solution-state UV-vis spectra of P3EHT23
homopolymer in THF (blue trace) and THF:MeOH (1:1, v/v) (purple trace) and as a colloidal
suspension in THF:MeOH (1:9, v/v) (red trace). (e) Solution-state UV-vis spectra of PDHFg-b-

P3EHT25-b-PEG113 in THF (blue trace), THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9,
v/v) (red trace).
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Figure S2. 6: Normalized solution-state UV-vis spectra of PDHFg-b-P3EHT25-b-PEG113 unimers in
THF (blue trace) and nanofibers in THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9,

v/v) (red trace).
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Figure S2. 7: (a) Schematic illustration of the preparation of PDHFs-b-P3EHT2s-b-PEG113 seed
micelles in THF:MeOH (1:1, v/v). (b) TEM image of PDHFs-b-P3EHT25-b-PEG113 seed micelles (Lx
=68, Lw/Ln=1.08) prepared by sonication of polydisperse micelles in THF:MeOH (1:1, v/v). Scale
bar: 500 nm. (c) Histogram of the contour length distribution of PDHFs-b-P3EHT25-b-PEG113seed

micelles.
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Figure S2. 8: Histograms representing contour length distributions of nanofibers prepared by the

seeded growth of PDHFs-b-P3EHT25-b-PEG113. Inset legend shows the mass equivalents of unimer

added to seed micelles.

Table S2. 2: Contour length data of nanofibers prepared by seeded growth of PDHFg-b-P3EHT2s5-
b-PEG113in THF:MeOH (1:1, v/v) using seeded growth. Seed micelles are represented in the table

as 0 equivalents of unimer-to-seed.
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Figure S2.9: TEM image of nanofibers of controlled length (Ly= 1765 nm, Lw/Ln=1.01) prepared
by seeded growth of PDHFs-b-P3EHT25-b-PEG113 BCPs from seed micelles (Ln= 68 nm, Lw/Ln=
1.08) with Munimer/Mseed values of 30. Scale bar: 2 um. A fiber presumably formed by self-
nucleation (ca. 300 nm) is circled in red.

THF: MeOH (1:9) -

¥

P3EHT
crystallization
PDHF core PDHF-b-P3EHT core

Figure S2. 10: (a) Schematic illustration of the secondary crystallization of P3EHT in THF:MeOH
(1:9, v/v). TEM image of (b) PDHF-b-P3EHT-core forming nanofibers in THF:MeOH (1:9, v/v).
Scale bar: 1 pm. Photograph of a solution of PDHFs-b-P3EHT25-b-PEG113 nanofibers in THF:MeOH
(1:9, v/v) under (c) visible light and (d) UV light (365 nm).
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Figure S2. 11: Histograms representing fiber width distributions of PDHFs-b-P3EHT25-b-PEG113
nanofibers in THF:MeOH (1:1, v/v) (blue) and THF:MeOH (1:9, v/v) (red). In THF:MeOH (1:1, v/v)
Wh = 14 nm, Wi/ Wy = 1.04 and in THF:MeOH (1:9, v/v) Wh = 24 nm, W,/ Wy = 1.02.
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Figure S2. 12: Solution-state photoluminescence spectra of PDHFg-b-P3EHT25-b-PEG113
nanofibers in THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9, v/v) (red trace) after
dialysis, concentration = 0.01 mg mLL. Aex = 380 nm.
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Figure S2. 13: (a) Solution-state WAXS spectrum of PDHFg-b-P3EHT25-b-PEG113 nanofibers in
THF:MeOH (1:9, v/v). The large broad background peak arises from solvent scattering.
Experimental observed q values were assigned to previously reported q values for crystalline
P3EHT shown in brackets,®® at q = 0.56 (0.63), 0.78 (0.84), 1.09 (1.19), 1.24 (1.30) A-.. The
discrepancies are attributed to the location of the peaks for the BCP on the slope of the broad
background peak. Peaks for the inner crystalline PDHF core were not detected presumably due to
the low volume fraction. (b) Solid-state WAXS spectrum of bulk PDHFs-b-P3EHT25 BCP.
Experimental q values are assigned to previously reported q values for crystalline PDHF shown in
brackets,! at q = 0.41 (0.41), 0.71 (0.71) and 1.37 (1.35) A-.. Experimental observed q values are
assigned to previously reported q values for crystalline P3EHT shown in brackets,> at q = 0.82
(0.84),0.97 (1.01), 1.15 (1.19), 1.47 (1.50), 1.64 (1.61) and 1.76 (1.78) A-L. The discrepancies are
attributed to the location of the peaks for the BCP on the slope of the broad amorphous halo.
Previously reported P3EHT q values are quoted from Table S1.5
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Figure S2. 14: (a) Histograms representing fiber length distributions of PDHFs-b-P3EHT2s-b-
PEG113 nanofibers in THF:MeOH (1:1, v/v) (blue) and THF:MeOH (1:9, v/v) (red). TEM images of
low dispersity PDHFs-b-P3EHTz25-b-PEG113 nanofibers in THF:MeOH (1:1, v/v) Ln = 527 nm, Ln/Lw
=1.02 and in THF:MeOH (1:9, v/V) Ln = 524 nm, Ln/Lw = 1.03. Scale bars: 2 pm.

86



Chapter 2

s 17 . ——THF
s /N —— THF:MeOH (1:1)
> —— THF:MeOH (1:9)
2 084
9L
k=
[0}
e
S 06-
(&)
(7]
o
S
i 044
kel
[0}
N
g 02-
o
z
0 == ———

L L L N L B
450 500 550 600 650 700 750
Wavelength (nm)

Figure S2. 15: Normalized solution-state photoluminescence spectra of P3EHT23 homopolymer in
THF (blue trace), in THF:MeOH (1:1, v/v) (purple trace) and in THF:MeOH (1:9, v/v) (red trace) .
For the photoluminescence spectra, Aex = 380 nm. The spectrum in THF:MeOH (1:9, v/v) was
obtained rapidly after dilution of the THF:MeOH (1:1, v/v) sample with MeOH and before
precipitation occurred.
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Figure S2. 16: Histograms representing fiber width distributions of B-A-B segmented nanofibers
(A: Ln =124 nm, Lw/Ln = 1.05; B-A-B: Ly = 507 nm, Lw/ Ln = 1.02) in THF:MeOH (1:9, v/v). For the
central A segment (blue) Wh = 14 nm, Whn/Ww = 1.04 and for the terminal B segments (red) Wh =
24 nm, Wn/Ww =1.01.
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Figure S2. 17: (a), (c) AFM images of uniform B-A-B segmented nanofibers (A: Ln = 247 nm, Lw/Ln
=1.04; B-A-B: Ln = 739 nm, Lw/ Ln = 1.02) drop cast from THF:MeOH (1:9, v/v) on to mica. (b), (d)
Height traces corresponding with AFM images in (a) and (c) respectively. (e), (f) 3D rendering of
topological data.
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Figure S2. 18: (a) AFM height image and (c) adhesion profile image of uniform B-A-B segmented

nanofibers (A: Ln = 124 nm, Lw/Ln = 1.05; B-A-B: Ln = 507 nm, Lw/ Ln
THF:MeOH (1:9, v/v) on to mica. (b), (d) 3D rendering of topological data o
(e) Adhesion profile traces corresponding with AFM image (c).
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Figure S2. 19: TEM image of uniform A-B-A segmented nanofibers (B: Ln= 396 nm, Lw/ Lx= 1.05;
A-B-A: Ln= 2785 nm, Lw/ Ln = 1.04) drop cast from THF:MeOH (1:9, v/v). Right inset highlights the
different segments, A = PDHF14-b-PEG227and B = PDHFs-b-P3EHT25-b-PEG113.
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Figure S2. 20: Histograms representing fiber width distributions of A-B-A segmented nanofibers
(B: Ln= 396 nm, Lw/ Ln= 1.05; A-B-A: Ln= 2785 nm, Lw/ Ln = 1.04) in THF:MeOH (1:9, v/v). For the
terminal A segments (blue) Wi = 17 nm, Wh/Ww = 1.03 and for the central B segment (red) Wh =
27 nm, Wn/Ww = 1.02.
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3.1. Abstract

Hybrid systems composed of conjugated polymers and inorganic
semiconductor nanocrystals such as quantum dots (QDs) and nanorods (QRs)
represent highly desirable multifunctional materials for applications from energy
harvesting to light emission and sensing. Herein, we describe energy transfer
studies between low dispersity segmented conjugated polymer micellar
nanofibers integrated with quantum dots that are spatially confined to discrete
regions in the hybrid assembly via non-covalent interactions. The nanofibers were
prepared from diblock copolymers with a crystallizable poly(di-n-hexylfluorene)
(PDHF) core-forming block and different corona-forming blocks using the seeded-
growth ‘living’ crystallization-driven self-assembly method. The highly ordered
crystalline PDHF core in the fibers functions as a donor and permits long range
exciton transport (> 200 nm). Energy can therefore be funneled through the fiber
core to QDs and QRs that function as acceptor materials and which are non-
covalently bound to spatially-defined coronal regions of poly(2-vinylpyridine)
(P2VP) or quaternized polyfluorene (QPF). Using steady-state and time-resolved
spectroscopy, we demonstrate that efficient energy transfer (over 70%) occurs
from the crystalline PDHF donor core to the acceptor CdSe QRs attached at the
fiber termini. The emission of the PDHF donor in the hybrid conjugate was
extensively quenched (by 84 %), and a subsequent 4-fold enhancement of the QR
emission in solution was observed. These results indicate that the conjugates
prepared in this work show promise for potential applications in fields such as

light-emitting diodes, photovoltaics, chemical sensors, and photocatalysis.
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3.2. Introduction

Hybrid multifunctional materials which take advantage of the unique but
complementary properties of their components are of growing interest for the
development of next generation energy storage or conversion materials.1-> For
example, resonant energy coupling between m-conjugated polymers and quantum
dots (QDs) and nanorods (QRs), derived from inorganic semiconductors, enables
the construction of efficient photonic devices.6-11 These hybrid materials allow for
the integration of the narrow absorption and large optical oscillator strengths of
conjugated polymers!? to be combined with the high quantum yield and
wavelength-tunable emission of quantum nanostructures in one material.13 In
such hybrid nanowires, m-conjugated polymeric materials may act as efficient
antenna delivering absorbed energy to nearby inorganic quantum nanostructures.
This can enhance photoluminescence emission or can be used for other functions
like chemical sensing or photocatalysis.14-17 A key challenge for the creation of
efficient m-conjugated polymer-based hybrid systems is that, upon excitation, the
diffusion of Frenkel excitons!8 is normally limited to a short distance.1920 The
majority of photoinduced excitons are therefore quenched before reaching the
dissociation interface with the acceptor material.

Over the past decade the seeded growth method termed ‘living’
crystallization-driven self-assembly (CDSA) has been shown to allow the facile
preparation of low dispersity, size-tunable 1D21-30 and 2D31-35> nanostructures
with crystalline cores from polymeric or m-stacking3¢-38molecular amphiphiles.
Moreover, sequential addition of different amphiphiles to the seeds using the living
CDSA approach also enables the formation of segmented micellar nanoparticles
with different core or coronal chemistries, and thereby spatial-selective
functionalization.3940 Recently, we have used this approach to fabricate low
dispersity conjugated block copolymer (BCP) nanofibers with a donor poly(di-n-
hexylfluorene) (PDHF) core and spatially segmented acceptor coronal regions that
revealed the existence of long-range exciton transport along the fiber core (>
200 nm).#! This is believed to arise from the epitaxial nature of the ‘living’ CDSA
growth process which leads to a highly ordered crystalline core with a uniform
energetic landscape.#243 The creation of emissive coaxial nanowires with an inner

donor PDHF core and an outer acceptor core and the attachment of QDs to specific
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coronal regions of segmented m-conjugated nanofibers also been described.#44>
Optimization of the m-conjugated polymer nanofiber length to match the
maximum exciton diffusion length along the fiber core was expected to make the
most efficient use of the light-absorbing antenna effect that could significantly
enhance the optical performance of a hybrid system. In this Chapter we report
studies of the Forster resonance energy transfer (FRET) in conjugates comprised
of tailored segmented PDHF nanofibers and CdSe quantum nanostructures such

as QDs and QRs.
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3.3. Results and Discussion

Segmented nanofibers were prepared via the ‘living’ CDSA method and
consist of a continuous crystalline PDHF core with spatially distinct coronal
segments (Figure 3. 1a, c¢). Functionalized coronas, poly(2-vinylpyridine) (P2VP)
or quaternized polyfluorene (QPF), allowed for the decoration with
mercaptoundecanoic acid coated QDs (MUA-QDs) and 8-mercaptooctanoic acid
coated QRs (MOA-QRs) via non-covalent interactions (Figure 3. 1b). Spatial-
selective decoration of the segmented PDHF nanofibers with QDs or QRs was
realized by the use of either hydrogen bonding (MUA-QDs and P2VP) or
electrostatic interactions (MOA-QRs and QPF) between the grafted corona and
ligand coating on the surface of quantum nanostructures.#647 Moreover, the
density of the attached QDs and QRs was tailorable by varying the mass
equivalents and tuning the length of the segments with the functionalized (P2VP
or QPF) grafted coronas

3.3.1. Preparation of Segmented Nanofibers

Block copolymers (BCPs) containing a crystallizable PDHF block and
various corona-forming blocks, including polyethylene glycol (PEG), P2VP or QPF,
were synthesized. Alkyne-capped PDHF homopolymer and PDHF-b-QPF diblock
copolymer were prepared via Grignard Metathesis polymerization (GRIM)

(Scheme S3. 1) and P2VP was prepared via reversible-addition fragmentation-

transfer polymerization (RAFT). The PDHF core-forming block was coupled with
the azido-functionalized P2VP and PEG corona-forming blocks by employing
copper-catalyzed azide-alkyne cycloaddition click reactions (CuAAc). For a
detailed account of the synthesis and characterization of the polymers, see
Supporting information (Table S3. 1 and Figure S3. 1-8). CdSe quantum
nanostructures with different surface functionalities including MUA-QDs
(diameter =4 + 0.5 nm) and MOA-QRs (length =12 + 2 nm, and width =4 + 1 nm)
were synthesized according to literature procedures (Figure 3. 1b, Figure S3. 9-
10).4849

Segmented nanofibers with a continuous PDHF core and PEG corona
located in the central block and either a P2VP or QPF corona located on the

terminal regions were prepared via ‘living’ CDSA (Figure 3. 1c). Low-dispersity
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PDHF-b-PEG nanofibers (Material A, Figure 3. 1a) of different lengths were
prepared by rapid addition of PDHF-b-PEG unimers dissolved in THF to seed
solutions in THF:MeOH (1:1, v/v).41 Different unimer-to-seed mass ratios were
employed using this seeded growth protocol to prepare a range of low dispersity
samples with fiber lengths from ca. 100 nm up to ca. 900 nm (Figure S3. 11 and
Table S3. 2). Additionally, different samples of low dispersity PDHF-b-P2VP
nanofibers (Material B, Figure 3. 1a) of length ca. 100 nm to 700 nm were prepared
using an identical protocol (Figure S3. 13 and Table S3. 3) and a clear linear
dependence of the unimer-to seed ratio on the number average length (Ln) was
observed (Figure S3. 12). The longer fibers were used to create segmented block
nanofibers and hybrid materials with QDs and QRs that were used for detailed
structural characterization. The shorter fibers were used to create segmented
fibers of length up to 200 nm for in depth photophysical measurements based on
the comparable, previously determined*! exciton diffusion lengths for the
crystalline PDHF core.

B-A-B segmented triblock nanofibers with a central PDHF-b-PEG segment
(A) and terminal PDHF-b-P2VP (B) segments were prepared by the addition of
PDHF-b-P2VP unimer to PDHF-b-PEG seed solutions in THF:MeOH (1:1, v/v)
(Figure 3. 1d, Figure S3. 15 and Table S3. 4). A linear dependence of the unimer-to
seed ratio on the Ln (Figure S3. 14) was observed. C-A-C segmented triblock
nanofibers with a central PDHF-b-PEG segment (A) and terminal PDHF-b-QPF (C)
segments were prepared by an analogous approach involving addition of PDHF-
b-QPF unimer to PDHF-b-PEG seeds solutions in THF:EtOH (1:1, v/v) (Figure S3.
16 and Table S3. 5). Furthermore, C-B-A-B-C pentablock segmented nanofibers
were prepared via the addition of addition of PDHF-b-QPF unimers to B-A-B
triblock segmented nanofiber solutions in THF:EtOH (1:1, v/v) (Figure 3. 1le,
Figure S3. 17 and Table S3. 6).
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Figure 3. 1: (a) Structures of PDHF14-b-PEG227 (A), PDHF17-b-PEGz250 (B) and PDHF15-b-QPF16 (C).
(b) Schematic illustration of ligand coated CdSe quantum nanostructures. (c) Schematic
illustration of the preparation of length controlled triblock nanofibers and pentablock nanofibers
via seeded growth from A nanofibers and triblock nanofiber seeds, respectively. Bright-field TEM
images of typical (d) triblock B-A-B nanofibers (A: Ln = 497 nm, Lw/Ln = 1.05; B-A-B: Ln = 823 nm,
Lw/Ln = 1.06). and (e) segmented pentablock C-B-A-B-C nanofibers (B-A-B seeds: Ln = 532 nm,
Lw/Ln = 1.06; C-B-A-B-C: Ln = 1021 nm, Lw/Ln = 1.06). Lw = weight average length. Scale bars: (d)
1 um and (e) 500 nm.
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3.3.2. Preparation of Segmented Nanofibers with Spatial-Selective QD/QR
Attachment

Next, spatial-selective decoration of the triblock nanofibers with QDs and
rods was attempted. Segmented nanofibers were first dialyzed against a
water/ethanol (H20:EtOH, 1:1 v/v) mixture to prevent precipitation of the
quantum nanostructures in THF:MeOH/EtOH mixtures. Then a small aliquot of the
MUA-QD or MOA-QR solutions in H20 was rapidly added to the segmented
nanofibers in H20:EtOH (1:1 v/v). QDs with MUA ligands interact with P2VP
coronas via hydrogen-bonding and the negatively charged QRs with MOA ligands
interact with the positively charged QPF coronas (Figure 3. 2a, b). From the bright-
field, low-angle annular dark-field (LAADF) STEM images and energy dispersive
X-Ray Spectroscopy (SEM-EDS) analysis, QDs attachment to PDHF-b-P2VP
nanofibers (Figure 3. 2c, Figure S3. 18-19) was visible and the QDs were also
shown to be selectively attached to the PDHF-b-P2VP segment in the triblock B-A-
B nanofibers (Figure 3. 2d and Figure S3. 20). The selective attachment of MOA-
QRs to C-A-C nanofibers was also confirmed by bright-field TEM, LAADF STEM
images, and by SEM-EDS analysis (Figure 3. 2e and Figure S3. 21). The entire
triblock C-A-C nanofiber was visible by the elemental mapping of carbon (Figure
3. 2j). Elemental maps of selenium (Figure 3. 2h) and cadmium (Figure 3. 2i) show
that Se and Cd are clearly present at the nanofiber termini where the CdSe QRs is
shown to be attached (Figure 3. 2g). Characterization of the spatial-selective
attachment of QRs and QDs on C-B-A-B-C nanofibers by STEM and SEM-EDS
(Figure 3. 2f and Figure S3. 22-25) showed the QDs selectively attached to B blocks
while QRs are selectively attached to C blocks. In addition, different volumes of a
1 mg mL! solution of MOA-QRs in H20 were rapidly added under stirring (600
rpm) to C-A-C nanofibers in H20:EtOH (1:1, v/v, 0.1 mg mL1). After ageing for 4 h,
hybrid triblock segmented nanofibers with different quantities of QRs attached
were obtained (Figure S3. 26).
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Figure 3. 2: (a) Schematic illustration of the preparation of hybrid B-A-B segmented nanofibers
with spatial-selective attachment of CdSe QDs and (b) hybrid C-A-C segmented nanofibers with
spatial-selective attachment of CdSe QRs. (b) STEM image of CdSe QDs attached to PDHF17-b-
P2VP2s0 nanofibers (Ln = 377 nm, Lw/Ln = 1.10). Scale bar: 100 nm. (d) STEM image of CdSe QDs
attached to B segments in B-A-B triblock nanofibers (A: Ln = 497 nm, Lw/Ln = 1.05; B-A-B: Ln =
823 nm, Lw/Ln = 1.06). Scale bar = 200 nm. (e) STEM image of CdSe QRs attached to C segments in
C-A-C nanofibers (A: Ln = 330 nm, Lw/Ln = 1.06; C-A-C: Ln = 510 nm, Lw/Ln = 1.06). Scale bar: 100
nm. (f) STEM image of CdSe QDs and QRs selectively attached to the C-B-A-B-C pentablock
nanofibers (A: Ln =109 nm, Lw/Ln = 1.06; B-A-B: Ln = 793 nm, Lw/Ln = 1.06, C-B-A-B-C: L, = 875 nm,
Lw/Ln=1.07).Scale bar =500 nm. (g) STEM image and SEM-EDS mapping images of the elementary
distribution of (h) Selenium (Se), (i) Cadmium (Cd), and (j) Carbon (C) of hybrid C-A-C nanofibers
(A: Ln =330 nm, Lw/Ln = 1.06; C-A-C: Ln = 510 nm, Lw/Ln = 1.06). Scale bar = 200 nm.
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3.3.3. Photophysical Studies of Segmented Nanofibers-QD and QR
Conjugates

Upon selective excitation of the crystalline PDHF-donor core, we postulate
that the absorbed energy will be able to travel through the fiber core and transfer
to the quantum nanostructure acceptors spatial-selective attached on the fiber
termini. This occurs via FRET and should result in quenching of the donor PDHF
emission and subsequent enhancement of the acceptor QR emission. The
preparation of hybrid segmented nanofibers opens up the possibility to construct
efficient photonic conjugates that facilitate energy transfer from the donor
crystalline PDHF fiber core to spatial-attached acceptor CdSe QDs and QRs (Figure
3. 3a). Prior to an investigation of the energy funneling between the segmented
nanofibers and QDs and QRs, the optical properties of the two separate
subsystems were studied. From the absorption spectra, a broad peak at 390 nm
was observed for the PDHF-b-PEG unimers in THF but for fibers in THF:MeOH (1:1,
v/v) a slightly red-shifted peak at 400 nm and a slight blue-shifted peak at 381 nm
were observed indicative of mixed H- and J- like aggregate characteristics (Figure
3. 3b).1250 The appearance of well-resolved vibronic peaks is indicative of high
crystalline order in the PDHF core. Aggregation of the PDHF block was also
confirmed from the fluorescence spectra, a slightly red-shifted emission was
observed in the spectrum of the PDHF-b-PEG nanofibers compared to PDHF-b-PEG
unimer solution. More defined vibronic coupling and a higher ratio of the lo-1 (Amax
= 442 and 437 nm) to lo-0 (Amax =412 and 417 nm) vibronic band in the PL spectra
of the PDHF-b-PEG nanofibers compared to that of the unimers indicated a
decreased Huang-Rhys parameter, thereby assigned to a smaller configurational
relaxation upon excitation.1?2 The absorption of the acceptor QRs solution and the
emission of the donor PDHF-based nanofibers show significant spectral overlap,
and gave a calculated Forster transfer radius of 4.9 nm (for details, see supporting
information). This value would be expected to facilitate FRET from the crystalline
core of the PDHF nanofiber to the spatial-selective attached CdSe QRs (Figure 3.
3¢).
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Figure 3. 3: (a) Schematic illustration of the exciton diffusion pathway in a hybrid C-A-C nanofiber
upon excitation (Aexe = 385nm). (b) Normalized UV-vis absorption (dashed traces) and
photoluminescence (PL) emission spectra (solid traces) of unimers in THF (blue traces), A (PDHF-
b-PEG) nanofibers in H20:MeOH (1:1, v/v) (purple traces), and B-A-B nanofibers (A: Ln = 97 nm,
Lw/Ln = 1.05; B-A-B: Ln = 191 nm, Lw/Ln = 1.07) in H20:MeOH (1:1, v/v) (green traces). (c)
Normalized UV-vis (dashed traces) and PL emission spectra (solid traces) of C-A-C nanofibers (blue
traces, Ln= 191 nm, Lw/Ln = 1.07), CdSe QR in H20:MeOH (1:1, v/v) (red traces). The inset shows
the energy levels of PDHF and the CdSe QRs.

Energy transfer in the hybrid C-A-C nanofiber system, from the segmented
PDHF nanofibers to the QRs, was studied in detail by fluorescence spectroscopy
and imaging. Upon selective excitation of the PDHF donor (Aexc = 385 nm), the
fluorescence spectrum of the C-A-C nanofiber solution (2 mL, 0.1 mg mL1, A: L =
97 nm, Lw/Ln = 1.05; C-A-C: Ln = 191 nm, Lw/Ln = 1.07) in H20:MeOH (1:1, v/v)
showed that the fluorescence is dominated by the PDHF Io-o vibronic band (Amax =
430 nm). However, significant quenching of the PDHF donor (Amax = 430 nm) and
simultaneous enhancement of CdSe QR emission (Amax = 610 nm) was observed
for the fluorescence spectrum of the C-A-C nanofibers decorated with QRs (Figure
3. 4a). With increased loading of CdSe QRs, these effects were amplified and the
highest quenching (84%) of PDHF emission occurred when 50 wt.% CdSe QRs
(100 pL, 1 mg mL-1) were attached to the C-A-C nanofibers (Figure 3. 4a). We have
shown the spatial-selective attachment of CdSe QRs to the PDHF-b-QPF (C)
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segments of the hybrid C-A-C nanofibers (Figure S3. 26). To confirm the quenching
of PDHF emission from the entire crystalline fiber core including segment A, a
control fluorescence study involving the addition of CdSe QRs to a mixture of
individual A and C nanofibers was performed. The overall lengths of individual A
and C fibers, relative ratio, and overall concentration match that of the C-A-C
triblock nanofiber sample was studied. This comprised of a 1:1 mixture of A
nanofibers (Ln =41 nm, Lw/Ln = 1.06) and C nanofibers (Ln = 51 nm, Lw/Ln = 1.07).
An equivalent amount of CdSe QRs that was used for the preparation of the hybrid
C-A-C fibers (50 wt. % CdSe QDs attachment) was added to a mixture of A
nanofibers (Ln =41 nm, Lw/Ln = 1.06) and C nanofibers (Ln = 51 nm, Lw/Ln = 1.07).
However, the fluorescence spectrum showed only a 40 % quenching of the PDHF
donor emission (Figure S3. 27). The additional (up to ca. 44 %) quenching of the
PDHF emission that was detected for the hybrid C-A-C nanofibers compared is
attributed to the transfer of excitons generated along the entire crystalline PDHF
C-A-C nanofiber core to the QRs attached to the corona of the terminal C segments.
The quenching effect observed for the crystalline PDHF core emission and
enhancement of the attached CdSe QRs emission can be directly visualized as a
variation in emission color of the hybrid assembled solutions upon 365 nm
excitation was observed at different QR concentrations (Figure 3. 4b).

To further investigate the energy transfer from the PDHF crystalline core to
the attached QRs, we performed photoluminescence excitation (PLE) experiments
on the hybrid C-A-C nanofibers at 610 nm (Figure 3. 4c). The PLE profile displayed
a characteristic feature resembling the cumulative absorption of PDHF nanofibers
and the QRs (Figure 3. 4c). Specifically, the PLE spectrum of hybrid C-A-C

nanofibers at 610 nm can be expressed as®:

I(A) = [Absfiper (M) X N + Absgr (V)] x Q) x F) (1

The I(A) is the excitation intensity at 610 nm emission, Absfiber(A) and
Absqr(A) are the absorption of PDHF nanofiber and QRs respectively; n(A) is the
energy transfer efficiency; Q(A) is the quantum yield; F(A) is the coefficient
including all other factors such as instrumentation response, systematic error, etc.

By quantitative analysis of the PLE spectrum of hybrid C-A-C nanofibers, we can
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extract the energy transfer efficiency n(A). By referring the PLE profile of the QRs
solution at 0.02 mg mL1, the Q(A) x F(A) values can be obtained, thereby
generating the effective absorption spectrum of hybrid C-A-C nanofibers (Figure
3. 4d). The contribution of direct PDHF emission at 610 nm in PLE spectrum of
hybrid C-A-C nanofibers has been subtracted (for detailed discussion, see Figure
S3. 28) to yield the effective absorption spectrum (Abseftective), Which is equivalent

to:

Abseffective O\) = Absfiber O\) X T]O\) + AbSQR O\) (2)

Therefore, the efficiency of energy transfer n(A) can be obtained from the
above equation (Figure 3. 4e). The calculated energy transfer efficiency at different
wavelengths indicated up to 78% of the photons absorbed by the PDHF crystalline
core reach the attached CdSe QRs at both fiber termini, which is consistent with
the extensive quenching of the PDHF emission (84%). Moreover, the measured
photoluminescence quantum yield (PLQY) of the hybrid C-A-C nanofibers at
610 nm was ca. 1.5% (excited at 405 nm; only emission from QRs is considered;
for details see Table S3. 7), which is ca. 4 times higher than that of pure CdSe QRs
(0.4%, Table S3. 7), confirming the efficient energy transfer between the PDHF
crystalline core and attached QRs. In addition, to exclude the possible aggregation
of hybrid C-A-C nanofibers when loaded with large amounts of CdSe QRs,
stimulation emission depletion (STED) super-resolution microscopy was used to
visualize the well dispersed hybrid C-A-C nanofibers sample. Upon 405 nm
excitation (Figure 3. 4f, g), different lengths of low-dispersity hybrid C-A-C
nanofibers (Ln = 3221 nm, Lw/Ln = 1.10 in Figure 4f, and, Ln = 561 nm, Lw/Ln = 1.08
in Figure 3. 4g), blue emission was observed from the crystalline PDHF core in the
central A segment and red emission from the selectively attached CdSe QRs on

both terminal C segments was observed.

109



Chapter 3

(@ 7 0% (b)
‘g 6 — 1% 0 wt% 10 wt% 20 wt% 40 wt% 50 wt%
3
=)
P
‘n
8
£
|
o

Wavelength (nm) 365 nm excitation
(c) 12004 —— Hybrid nanofibers | (d) 1 —— Hybrid nanofibers
—— QR control —— Effective abs.
1000 4 __0.81 —— QR control
i £ .
S 8004 = g
8 ] 2 0.6
= 4
E 600 E o
5 044
E 4004 g
e
200+ < 0.24
) 0.0
350 400 450 500 550 600 " 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
(e) 100 (8)
80+
N '-H%W"_"h
= %
. 60+ °
Q -
= -
2
S 40+
‘.LL’_ -
20+
0- -

350 375 400 425 450
Wavelength (nm)

Figure 3. 4: (a) Fluorescence spectra of hybrid C-A-C nanofibers (A: Ln= 167 nm, Lw/Ln = 1.06; C-
A-C: Lh =191 nm, Lw/Ln = 1.07) with different added amounts of CdSe QRs (0 to 50 wt. %, relative
to nanofibers). (b) Photograph of hybrid C-A-C nanofibers with different loadings of QRs in solution
upon 365 nm excitation. (c) PLE spectrum of hybrid C-A-C nanofibers (blue) and QDs (black) in
H20:MeOH (1:1, v/v) detected at 610 nm emission. (d) Absorption profiles of hybrid C-A-C
nanofibers (blue line), effective hybrid C-A-C nanofibers (red line), and QRs control (black line). (e)
Calculated C-A-C PDHF nanofibers to QR energy transfer efficiency n(A). Superimposed STED
images including both blue and red channels of different low-dispersity hybrid C-A-C nanofibers
(), A: Ln = 2511 nm, Lw/Ln = 1.10; C-A-C: Ln = 3221 nm, Lw/Ln = 1.10, or g, A: Ln =417 nm, Lw/Ln =
1.07; C-A-C: Ln = 561 nm, Lw/Ln = 1.08). Scale bar (f) = 5 um, inset = 1 pm. Scale bar (g) = 5 pm,
inset = 500 nm.

3.3.4. Time-Resolved Spectroscopic Studies of Segmented Nanofibers-QR
Conjugates
In order to elucidate the energy transfer process from the PDHF crystalline

core to the attached QRs in the hybrid C-A-C nanofibers, we performed transient-
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absorption (TA) spectroscopy. A representative TA map is given in Figure 3. 5a.
Using an excitation wavelength of 400 nm, which generates excitons in both the
PDHF and QRs, we see clear spectral signatures associated with each material. The
broad photoinduced absorption from 650-900 nm is mainly due to the PDHF,
while the Gaussian-like peak at 590 nm (which becomes much more prominent at
later times) is due to a ground-state bleach (GSB) of the QRs. These assignments
are confirmed by individual measurement of the PDHF and QRs separately (Figure
S3. 29, 30). The rise of the signal associated with the QRs is demonstrative of
energy transfer to the QRs from the PDHF. To quantify this transfer, we
deconvolve each TA spectrum at each time delay into the linear sum of two
spectral components: the individual spectra associated with the PDHF and QRs
respectively (see Supporting Information and Figure S3. 29-34 for more details).
We subsequently extract out the exciton population kinetics in each material over
time for the overall hybrid system (Figure 3. 5b and Figure S3. 33). This extraction
is repeated for the hybrid system excited at 460 nm (which selectively excites the
QRs) to yield the intrinsic QR exciton decay, as well as for the unloaded C-A-C
nanofibers to yield the intrinsic PDHF exciton decay. We find that the PDHF
exciton population decays more quickly in the hybrid system than in the unloaded
C-A-C nanofibers, with characteristic time constants of 90 ps and 270 ps,
respectively. This is indicative of energy transfer from the PDHF to the QRs. We
also see that the QR population in the hybrid exhibits a large rise over time when
excited at 400 nm; a rise that is not observed when exciting the hybrid at 460 nm.

This further confirms energy transfer.
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Figure 3. 5: (a) left panel: representative TA map of hybrid C-A-C nanofibers (A: Ln =87 nm, Lw/Ln
=1.05; C-A-C: Ln =152 nm, Lw/Ln = 1.07) with 50 wt. % loading of CdSe QRs relative to nanofibers.
Right panel: associated spectra averaged over the time delays of 0.1-2.1 ps, 10-30 ps, 50-150 ps,
and 1.8-2.2 ns. We observe a clear change in the TA signal over time. (b) Extracted exciton
population kinetics of: PDHF in (unloaded) C-A-C nanofibers with 400 nm excitation (purple trace),
giving the intrinsic PDHF dynamics; QRs in hybrid C-A-C nanofibers after 460 nm excitation
(vellow trace), giving the intrinsic QR dynamics; PDHF in hybrid C-A-C nanofibers upon 400 nm
excitation (blue trace), showing shortened lifetime due to energy transfer; and QRs in hybrid C-A-
C nanofibers (orange trace), with the rise over time demonstrating energy transfer from PDHF to
the QRs. The fluence with 400 nm excitation was 3 pJ/cm?/s in each case, and at 460 nm a fluence
of 4 pJ/cm?/s was used to account for the QRs’ lower absorption at 460 nm, and so that the
maximum QR exciton concentration in each case was equal. Global fits are shown in each case using
a 3-parameter model. The global fits are applied from 2 ps onwards to avoid fitting the QRs’ hot-
carrier cooling in the first 2 ps. (c) Illustration of 3-parameter model labelled with extracted time
constants from (b). The system shows high transfer efficiency (7010 %), and excitons are
funneled to the QRs with a time constant of 130 ps.

To model the energy transfer to the QRs we employ a simple 3-parameter

model:
d[PDHF 1 1
d[OR 1 1
Ok _ L tponr) -~ lon @
2 3
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where 1, is the intrinsic decay time of the PDHF, 7, is the PDHF-to-QR
transfer rate, and 73 is the intrinsic decay of the QRs. We then globally fit this
system-of-equations to the four-population kinetics shown in Figure 3. 5b (note
that for the unloaded C-A-C nanofiber system 75! is set to zero as there are no QRs
present). The global fit models the data well, despite being highly constrained and
with only 3 input kinetic parameters, which validates our approach. From the fit
we extract a transfer time constant of 7, = 130 ps. This transfer rate is
understandable given that a large proportion of the PDHF excitons must diffuse
through the PDHF core towards the QRs to be close enough for energy transfer.
Given our systems of equations (3) and (4), the energy transfer efficiency can then

be expressed as:

(5)

Given that 7; = 270 ps, we hence find that n = 70% with an estimated
uncertainty of +10%. This value agrees with the calculated energy transfer
efficiency from steady-state spectra (Figure 3. 4e). Another figure of merit is the
number of additional excitons each QR receives in the hybrid ensemble due to
energy transfer from PDHF. This in effect describes the effective increase in the
QRs’ oscillator strength. By simply considering the initial and maximum values in
the QR concentration profile when the hybrid is excited at 400 nm in Figure 3. 5
(and by assuming that 73! < 771 +7;1) we find that each QR (on average)
receives roughly 4 times the excitons it would have absorbed in the absence of the
PDHF. The value agrees well with the equivalent four-fold enhancement in the
effective PLQY of the QRs when in the hybrid ensemble.

Interestingly, our TA data also suggests that the funneling of energy does
not stop once the excitons in the PDHF have been efficiently transferred to the QRs;
energy is in fact funneled further amongst the QRs themselves. Figure S3. 30 and
Figure S3. 35 demonstrate that the GSB of the QRs exhibits a ~15 nm red-shift over
2 ns when selectively excited at 460 nm. This red-shift is entirely absent when the
same batch of QRs are measured in a pure, dilute solution. This suggests that
because the QRs are close to one another in the nanofibers, excitons may hop

between QRs via FRET, with a preference to transfer to sites with the lowest band-
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gaps as has been observed previously.>! This QR-to-QR transfer occurs with a
characteristic time constant of 7,, = 510 ps, which is slower than the PDHF-to-QR
energy transfer rate of t, = 130 ps. However, we note that the QRs have a
significantly longer intrinsic lifetime than PDHF as expected for this family of
inorganic materials, and so energy funneling amongst the QRs can still take place;
given the QR lifetime of 73 = 4.6 ns, we expect ~90% of excitons in the QRs to
transfer to the lowest-energy QR in the locally accessible vicinity. Notably, this
energy funneling between the QRs is multiplicative with the PDHF-to-QR energy
funneling; a hypothetical five-fold concentration factor due to QRs residing on
average in clusters of five would result in an overall 20-fold concentration factor
when combined with four-fold concentration factor due to the PDHF. Future work
will therefore explore tuning the polydispersity, lifetime, and clustering of the
inorganic species in the hybrid ensembles to leverage the multiplicative energy

funneling for applications such as upconversion or multi-electron catalysis.
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3.4. Summary

Exciton-coupled conjugates composed of low-dispersity m-conjugated
polymer nanofibers and spatial-defined semiconducting QDs and QRs were
successfully prepared. Low-dispersity segmented nanofibers were prepared via
seeded growth and comprised a continuous crystalline PDHF core with various
grafted functional coronas provided sites for spatial-selective decoration with
CdSe QDs and QRs. Upon PDHF-donor excitation, the segmented nanofibers can
funnel absorbed energy along the PDHF crystalline core with a long exciton
diffusion length towards the spatial-selective attached CdSe QRs on the fiber
termini. By careful selection of the bandgap of the QRs as acceptor, effective
energy transfer can be realized to have 4-fold enhancement of the QRs emission.
This work provides a tunable platform with which to construct tailored
conjugated polymer nanofiber/quantum dot and rod hybrid materials for
enhanced photonic performance, with potential applications as sensors,* in
bioimaging,5253 in photocatalysis,105% as light-emitting diodes,>>56 and as solar

devices.”57
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3.5. Supporting Information

3.5.1. Materials and Methods

All reagents and solvents used for polymers synthesis were of reagent
grade, and unless otherwise stated and were used as received. Solvents for self-
assembly were of HPLC grade and filtered using 0.2 um syringe filters prior to use.
The synthesis of PDHFi14-b-PEG227 has been reported elsewhere and is not
described here.*!

Nuclear magnetic resonance (NMR). TH NMR spectra were taken with a
Bruker 500 MHz spectrometer; chemical shifts were referenced to the residual
solvent peak (CHCls, = 7.26 ppm).

Gel Permeation Chromatography (GPC). measurements were conducted on
Viscotek GPCmax equipped with a UV detector operating at 400 nm and a
refractometer. Measurements were carried out at 1.0 mL min! with THF
containing [nBusN]Br (0.1% w/w) as the eluent at 35 °C, results were measured
against polystyrene standards (Viscotek).

Matrix-Assisted  Laser  Desorption/lonization  Time-Of-Flight = Mass
Spectrometry (MALDI-TOF MS). Measurements were conducted on a Bruker
Ultraflex Il ToF spectrometer under the reflector positive ion regime. Samples
were prepared with a 9:1 ratio of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malonitrile matrix (20 mgmL1 in THF) to polymer solution
(0.2 mg mL-1in THF), then 5 pL of the sample was deposited onto the sample plate
and dried under ambient conditions.

Transmission Electron Microscopy (TEM). Samples were prepared by drop
casting 10 pL of the nanofiber solution onto a carbon-coated copper grid (Agar
Scientific, mesh size 200). Bright-field TEM micrographs were taken using a JEOL
TEM 1011EX microscope operating at 80 kV, equipped with a 11M pixel CCD
camera. Micelle length distributions were determined using the software program
Image] developed at US National Institute of Health. A minimum of 300 micelles
are traced to determine their contour length and histograms of the length
distributions obtained. This data allows for calculation of the number average
length (Ln), weight average length (Lw) for each sample, this is calculated as shown

below (L =length of fiber, N = number).
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LiNiL; LiNL?

L., =
?:1 Ni v ?=1Ni Li

L, = (D

Spectroscopic Measurements. UV /vis data was obtained on a Lambda 35
Spectrometer employing quartz cells (1 cm x 1cm). Fluorescence data was
obtained on a PTI QM40 Spectrofluorometer using an excitation wavelength of
385 nm. Photoluminescence excitation spectrum was obtained on a PTI QM40
Spectrofluorometer using an emission wavelength of 610 nm.

Scanning Transmission Electron Measurements. STEM and low-angle
annular dark-field measurements were performed on a HITACHI SU9000 cold
field emission scanning electron microscope where the accelerating voltage and
the current were set as 10 kV and 10 pA. Samples for STEM measurements were
prepared by drop-casting 10 pL of nanofiber samples onto a carbon film coated
copper grid.

Scanning Electron Microscopy-Energy Dispersive Measurements. SEM-EDS
measurements were performed on a HITACHI SU9000 low kV cold field emission
scanning electron microscope coupled with an Oxford AztecEnergy with X-MaxN
100 LE-100 mm? windowless Ultra Large Solid Angle SDD detector. The
accelerating voltage and the current were set as 10 kV and 10 pA, the scanning
resolution and collection time were set as 512512 and 10 ps/point. The
quantitative elementary analysis and elementary distribution imaging were
analysed by a comprehensive Energy Dispersive X-ray Microanalysis system.

Photoluminescence  Quantum  Yield (PLQY) Measurement. PLQY
measurements were performed following the reported method. Materials were
prepared in solution and dispensed into 1 mm cuvettes for characterization.
Materials where excited with ~400 uW of continuous wave laser excitation (405
and 520 nm) with an excitation spot of ~0.3 mm?, resulting in low excitation
densities. Measurements were repeated several times to determine if there any
uncertainties and to avoid variations in the laser power. The Rhodamine 6G
solutions were used as a reference to confirm the measured PLQY value relative

to the reported value.
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3.5.2. Polymer Synthesis
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Scheme S3. 1: Synthesis of PDHF-b-QPF. PMDETA = N,N,N’,N”,N”-pentamethyldiethylenetriamine.
dppp = 1,3-bis(diphenylphosphino)propane. TEOA = triethanolamine.

Table S3. 1: Characterization data of PDHF homopolymer and PDHF-based block copolymers.2 DP
determined by MALDI-ToF. b Block ratio determined by comparative integration of 1H NMR peaks
relative to the DP of PDHF blocks determined from MALDI-TOF. ¢ My, Mw and Pm determined by
GPC analysis (THF containing [nBusN]Br (0.1% w/w)). Molecular mass dispersity = Pm (Mw/Mn).

Material Composition M, (kg mol1) My, © (kg mol-1) D
PDHF17 2 11.1 13.1 1.18
PDHF17-b-P2VP;s5 b 14.7 18.3 1.24
PDHF14-b-PEGz27 ® 29.3 32.4 1.11
PDHF;;5 2 11.5 14.6 1.27
PDHF;5-b-PDHFg-r-PDBHFg b 13.8 17.8 1.29
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Synthesis of Alkyne-terminated PDHF17

X
WO
17

Alkyne-terminated PDHFi7 was synthesized by Grignard Metathesis
polymerization = (GRIM).  2-Bromo-7-iodo-9,9-bis-n-hexylfluorene  was
synthesised according to a reported procedure. 2-Bromo-7-iodo-9,9-bis-n-
hexylfluorene (435 mg, 0.81 mmol) was dissolved in 10 mL of anhydrous THF.
The solution of 2-bromo-7-iodo-9,9-bis-n-hexylfluorene was cooled to -20°C
before 1.3 M iPrMgCl.LiCl (0.62 mL, 0.81 mmol) was added dropwise then the
resulting solution was left to stir for 90 min at -78°C. The activated fluorene
monomer was added in one quick injection to a solution of Ni(dppp)Clz (22 mg,
0.041 mmol) and anhydrous THF (100 mL) at 0°C. After 15 min, 0.5 M
ethynylmagnesium bromide (3 mL, excess) was added to the reaction mixture
which was then stirred for 1 h. The resultant mixture was then precipitated into
methanol, giving a yellow solid. Further purification by Soxhlet extraction in
ethyl acetate, methanol then chloroform followed by removal of solvent in vacuo
gave the purified polymer (yellow solid, yield: 145 mg, 53 %). Degree of
polymerisation of the alkyne-capped PDHF homopolymer was calculated to be
17 and M, = 5758 Da by MALDI-TOF with a 9:1 ratio of matrix to polymer
solution (0.5 mg mL-1in THF). Molar mass dispersity (Pm = Mw/ M») of 1.18 was
determined by GPC analysis for the PDHF17 homopolymer (Mw= 13, 101 Da and
My= 11, 120 Da). 'H NMR (500 MHz, CDCl3) & (ppm) = 7.62-7.91 (m, 6 H,
polyfluorene aromatic), 3.16 (s, alkyne), 2.13 (brs, 4 H, polyfluorene-(CH2)x2),
1.33-0.61 (m, 30 H, polyfluorene-(CH2(CHz)4)x2 and polyfluorene-(CHz)x2).
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Figure S3. 1: MALDI-TOF mass spectrum of alkyne-capped PDHF17, M* = 5758 Da. The mass of
each PDHF repeat unit is 332 g mol-1.
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Figure S3. 2: 1H NMR spectrum of alkyne-terminated PDHF17 (500 MHz, CDCls). Residual Hz0 is
marked with an *.
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Synthesis of Azido-terminated P2VP2s0
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The RAFT CTA 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
3-azido-1-propanol ester (17 mg, 0.038 mmol), 2-vinylpyridine (1 g, 9.51 mmol)
and AIBN (1.24 mg, 0.0076 mmol) were dissolved in 3 mL of DMF then subjected
to three consecutive freeze-pump-thaw cycles. The mixture was then stirred at
80°C for 20 h before being cooled to room temperature and diluted with THF to
quench the polymerization. The resultant mixture was then precipitated into cold
diethyl ether and purified further by repeated precipitation into cold hexanes to
afford a white solid ( 341 mg, yield: 34 %). 1H NMR (500 MHz, CDClz) ppm & =
8.47-8.04 (m, 251 H, CH-N aromatic), 7.24-6.17 (m, 751 H, CH x 3 aromatic), 3.53
(brs, 2 H, CH2-0) and 3.20 (brs, 2 H, CH2-N3),
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Figure S3. 3: 1H NMR spectrum of azido terminated P2VP2s0 (500 MHz, CDCls). NMR solvent
residual signal marked by a CDCl3 label.

121



Chapter 3

Synthesis of PDHF17-b-P2VP2s0

Alkyne-terminated PDHF17 (30 mg, 0.0052 mmol) and azide-terminated
P2VP250 (167 mg, 0.0062 mmol) were dissolved in 3 mL of THF and subjected to
three consecutive freeze-pump-thaw cycles. Azide-terminated P2VPzs59 was
synthesized according to a previously reported procedure. CuBr (10 mg, excess)
and PMDETA (20 pL, excess) were dissolved in 1 mL anhydrous THF then added
to polymer solution. The reaction mixture was heated to 40°C and stirred for 48 h.
The polymers were then purified by passing the reaction mixture through a basic
alumina column to remove Cu/PMDETA. Volatiles were concentrated in vacuo
followed by precipitation into hexanes. The polymers were subsequently
dissolved in THF and dilute HCl was added to protonate the P2VP block resulting
in precipitation of PDHF-b-P2VP diblock copolymers and residual P2VP
homopolymers with any PDHF homopolymer impurities residing in the
supernatant. The collected precipitate was then dissolved in
chloroform/triethylamine and precipitated into hexanes. To remove any P2VP
homopolymer, the solids were then washed with acetone three times affording the
purified diblock copolymer as a yellow solid (yield: 43 mg, 30 %). Polydispersity
of 1.24 was determined by GPC analysis for the PDHF17-b-P2VP250 polymers (Mw=
18, 273 Da and M,= 14, 738 Da). 1H NMR (500 MHz, CDCl3) & (ppm) = 8.73-7.57
(m, 363 H, polyfluorene aromatic x 6 and poly(2-vinyl pyridine) CH-N aromatic),
7.57-6.09 (m, 724 H, poly(2-vinyl pyridine) CH x 3 aromatic) and 3.51 (brs, 2 H,
RAFT CTA CHz-0).
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Figure S3. 4: 1H NMR spectrum of PDHF17-b-P2VP250 (500 MHz, CDCl3). NMR solvent residual
signal marked by a CDCls label.

—PDH F-ﬁr
— PDH F1?-b-P2VP250

T T 1
6 8 10 12 14 16 18 20 22 24

Rentention Time (mins)
Figure S3. 5: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br (0.1 %

w/w) (1 mL min-1) at 35 °C of PDHF17 homopolymer (blue trace) and PDHF17-b-P2VP2s0 (purple
trace).
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Synthesis of PDHF15-b-PDHFs-r-PDBHFs

Alkyne-terminated PDHFi5-b-PDHFs-r-PDBHFg was synthesized by
sequential Grignard Metathesis polymerization (GRIM). 2-Bromo-7-iodo-9,9-bis-
n-hexylfluorene and 2-Bromo-7-iodo-9,9-bis-n-dibromohexylfluorene were
synthesised according to reported procedures. 2-Bromo-7-iodo-9,9-bis-n-
hexylfluorene (300 mg, 0.56 mmol) and a 1:1 mixture of 2-Bromo-7-iodo-9,9-bis-
n-dibromohexylfluorene (193 mg, 0.28 mmol) and -Bromo-7-iodo-9,9-bis-n-
hexylfluorene (150 mg, 0.28 mmol) were separately dissolved in 10 mL of
anhydrous THF. The two separate solutions were cooled to -20°C before 1.3 M
iPrMgCLLiCl (1 eq.) was added dropwise and the resulting solutions were left to
stir for 90 min at -78°C. The activated 2-Bromo-7-iodo-9,9-bis-n-hexylfluorene
monomer was added in one quick injection to a solution of Ni(dppp)Clz (15.1 mg,
0.028 mmol) and anhydrous THF (100 mL) at 0°C. After 15 minutes of stirring, the
activated mixture of fluorene monomers was added in one quick injection to the
reaction mixture. After 16 hours, the resultant mixture was then precipitated into
methanol, giving a yellow-green solid. Further purification by Soxhlet extraction
in ethyl acetate, methanol then chloroform followed by removal of solvent in
vacuo gave the purified polymer (bright yellow solid, yield: 178 mg, 63 %). Degree
of polymerisation of the PDHF aliquot was calculated to be 15 and M, = 5083Da
by MALDI-TOF with a 9:1 ratio of matrix to polymer solution (0.5 mg mL-1in THF).
Polydispersity (Mw/ My) of 1.27 was determined by GPC analysis for the PDHF 15
homopolymer (Mw= 14, 693 Da and My= 11, 572 Da). Polydispersity of 1.29 was
determined by GPC analysis for the PDHFs- b-PDHFg-r-PDBHFs polymers (Mw=17,
841 Da and M,= 13, 835 Da). 'H NMR (500 MHz, CDCI3) 6 (ppm) = 3.30 (s, 0.23 H,
CH2Br x 2), 2.13 (brs, 1 H, polyfluorene-(CHz) x 2) and 1.70 (CH, CH2Br x 2).
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Figure S3. 6: MALDI-TOF mass spectrum of proton-capped PDHF1s homopolymer aliquot. The
mass of each PDHF repeat unit is 332 g mol-1.
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Figure S3. 7: 1H NMR spectrum of PDHF-b-PDHF-r-PDBHF (500 MHz, CDCl3). NMR solvent
residual signal marked by a CDCls label and residual Hz0 is marked with an *.
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Figure S3. 8: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL/min) at 35 °C of PDHF1s homopolymer (blue trace) and PDHF-b-PDHF-r-PDBHF
(green trace).

Synthesis of PDHF15-b-QPF16

PDHF1s-b-PDHFs-r-PDBHFs (35 mg, 0.0030 mmol) was dissolved was
dissolved in 20 mL of DMF/THF (1:1 v/v) mixed solvent and 1 mL (excess) of
Triethanolamine (TEOA) was added dropwise. The resulting mixture was then
heated under reflux for 24 h. Volatiles were subsequently removed in vacuo and
the polymers were then dissolved in DCM and washed with Methanol three times
then with a saturated brine solution before drying with anhydrous MgS0O4. DCM
was removed in vacuo and the polymers were then dissolved in THF and
precipitated into cold methanol to afford a pure yellow solid (yield: 27.6 mg, 77
%). The degree of quaternization of the copolymeric block was estimated to be ca.
48% by 1H NMR in CDCI3 by integration of the 3.30 ppm (CH2Br x 2) and 3.09 ppm
(CH2-TEOA* x 2) resonances.

3.5.3. Synthesis of CdSe Quantum Nanostructures

Synthesis of CdSe quantum nanorods (QRs)

Synthesis of CdSe quantum nanorods were conducted according to a
modified literature procedure.>8 All preparative procedures were conducted using
standard Schlenk-line techniques under Nz. In a typical synthesis, 105 mg of CdO,
449 mg of tetradecylphosphonic acid (TDPA) and tri-n-octylphosphine oxide
(TOPO, 1.5 g) were combined and heated to 100 °C and degassed for 30 min, and
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then heated to 300 °C until becoming clear under N2. The CdSe precursor was
cooled to room temperature and aged for 24h under N2. After that, the solution
was heated to 320 °C, a solution of Se (31 mg) of Se in 300 pL toluene was injected.
The reacting mixture was cooled to 250 °C and kept the temperature for 0.5 h.
After cooling down to room temperature, crude solution was mixed with absolute
ethanol and centrifuged. The precipitate was dispersed in n-hexane to form a
stable solution. The dimensions of the synthesized CdSe QRs were 12 + 2 nm in
length and 4 + 1 nm in width, which were characterized by bright-field TEM
(Figures S9a and S9b).

Preparation of mercaptoundecanoic acid coated quantum dots (MUA-QDs)
20 mg of MUA were placed in a vial and 15 mL of toluene were added. 20
mg of commercial CdSe QDs were dissolved in the mixture (Figure S10a), and the
vial was placed under nitrogen flow. The mixture was heated at 65 °C overnight.
The reaction was stopped and allowed to cool to ~28 °C, removed from rotary
evaporation, and kept out of the light. QDs in 2 mL aliquots were precipitated with
ethyl acetate and ether and followed dissolved in methanol for three times. The
final MUA-QDs were dried 5 min in a vacuum oven and dissolved in 400 pL of
water. The resulting geometry of the MUA-QDs were remained unaltered (Figure

S10b).

Preparation of 8-Mercaptooctanoic acid coated quantum nanorods (MOA-
QRs)

CdSe quantum rods (20 mg) synthesized as described above were stirred
in refluxing anhydrous toluene (2 mL) for 24 h under nitrogen. Most of the toluene
was removed by a vacuum, and the quantum rods were precipitated in methanol.
The CdSe quantum rods were washed twice with methanol to remove residual
ligands and then transferred to a reaction tube. Anhydrous THF (2 mL) and 8-
Mercaptooctanoic acid (200 mg) were introduced, and the mixture was refluxed
under nitrogen for 12 h. The quantum rods were precipitated in THF during this
period, indicating successful functionalization of the quantum rods with 8-
Mercaptooctanoic acid. The MOA-QRs were further washed by dissolution in

methanol and precipitation in THF. The pH of the solution was adjusted to ~11 by
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adding 25% methanolic solution of NMe4+OH. The resulting geometry of the MOA-
QRs were remained unaltered characterized by bright-field TEM (Figures S9c and
S9d).

3.5.4. Block Copolymer Self-Assembly

Preparation of polydisperse PDHF-b-PEG nanofibers

In an example protocol, 500 pL of methanol (MeOH) was added dropwise
to 500 pL of a 0.4 mg mL-! solution of PDHF14-b-PEG227 unimers in THF, resulting
in a final concentration of 0.2 mg mL-1. The mixture was then shaken manually for
10 s and aged at 30°C for 24 h before analysis by TEM imaging to confirm the
formation of PDHF14-b-PEG227 polydisperse nanofibers.

Preparation of PDHF-b-PEG seed micelles

Seed micelles were prepared by sonication of a 0.2 mg mL-! solution in
THF: MeOH (1:1, v/v) of polydisperse PDHF14-b-PEG227 nanofibers in an ultrasonic
bath at 0°C for 2 h. After sonication, the resulting solutions were heated to 45°C
for 3 h then subsequently cooled slowly to 20°C and aged for 24 h. The samples
were then analysed by TEM imaging.

Preparation of monodisperse PDHF-b-PEG nanofibers by seeded growth
Seeded growth experiments were conducted by quickly injecting a known
volume of PDHF14-b-PEG227 unimer (in THF, 2 mg mL-1, between 20-30 pL) to a
solution of seed micelles in THF:MeOH (1:1, v/v) of a known concentration. The
samples were then shaken for 10 s and aged at 30°C for 24 h before analysis by
TEM. The contour lengths of at least 300 micelles were measured from several

TEM images of each sample.

Preparation of polydisperse PDHF-b-P2VP nanofibers
In an example protocol, 500 puL of methanol was added dropwise to 500 pL
of a 0.4 mg mL-1 solution of PDHF17-b-P2VP250 unimers in THF, resulting in a final

concentration of 0.2 mg mL-1. The mixture was then shaken manually for 10 s and
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aged at 30°C for 24 h before analysis by TEM imaging to confirm the formation of
PDHF17-b-P2VP250 polydisperse nanofibers.

Preparation of PDHF-b-P2VP seed micelles

Seed micelles were prepared by sonication of a 0.2 mg mL-! solution in
THF: MeOH (1:1, v/v) of polydisperse PDHF17-b-P2VP2s50 nanofibers in an
ultrasonic bath at 0°C for 2 h. After sonication the resulting solutions were heated
to 45°C for 3 h then subsequently cooled slowly to 20°C and aged for 24 h. The

samples were then analysed by TEM imaging.

Preparation of monodisperse PDHF-b-P2VP nanofibers by seeded growth
Seeded growth experiments were conducted by quickly injecting a known
volume of PDHF17-b-P2VP2s0 unimer (in THF, 2 mg mL-1, between 22-33 pL) to a
solution of seed micelles in THF:MeOH (1:1, v/v) of a known concentration. The
samples were then shaken for 10 s and aged at 30°C for 24 h before analysis by
TEM. The contour lengths of at least 300 micelles were measured from several

TEM images of each sample.

Preparation of B-A-B segmented nanofibers (A= PDHF-b-PEG, B= PDHF-b-
P2VP)

A 200 pL solution of PDHF14-b-PEG227 nanofiber seeds (0.2 mg mL-1, Ln=
109 nm, Lw/La=1.09) in THF:MeOH (1:1, v/v) was diluted with 500 pL. MeOH and
460 pL of THF. Then different volume of PDHF17-b-P2VP250 unimer solution (2 mg
mL-1) in THF was added to the dilute seed solution at 30°C. The resulting solution
in THF:MeOH (1:1, v/v) (0.1 mg mL-1) was shaken for 10 s and aged for 24 h at

30°C. Uniform B-A-B segmented nanofibers were observed by TEM analysis.

Preparation of C-A-C segmented nanofibers (A= PDHF-b-PEG, C= PDHF-b-
QPF)

A 50 pL solution of PDHF14-b-PEG227 nanofiber seeds (0.2 mg mL-1, Ly= 109
nm, Lw/La=1.09) in THF:MeOH (1:1, v/v) was diluted with 100 uL. MeOH and 100
uL of THF. Then different volume of PDHF17-b-QPF16 unimer solution (2 mg mL-1)
in THF was added in one shot to the dilute seed solution at 30°C under stir (400
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rpm). The resulting solution in THF:MeOH (1:1, v/v) was shaken for another 10 s
and aged for 24 h at 30°C. Uniform C-A-C segmented nanofibers were observed by
TEM analysis.

Preparation of C-B-A-B-C segmented nanofibers (A= PDHF-b-PEG, B= PDHF-
b-P2VP, C = PDHF-b-QPF)

A 50 pL solution of B-A-B seeds (0.1 mg mL-1, Ln= 523 nm, Lw/Ln= 1.05) in
THF:MeOH (1:1, v/v) was diluted with 100 uL. MeOH and 100 pL of THF. Then,
different volume of PDHF17-b-QPF16 unimer solution (1 mg mL1) in THF was
added in one shot to the dilute seed solution at 30°C under stir (400 rpm). The
resulting solution in THF:MeOH (1:1, v/v) was shaken for another 10 s and aged
for 24 h at 30°C. Uniform C-B-A-B-C segmented nanofibers were observed by TEM

analysis.

3.5.5. Cooperative Assembly of Segmented Nanofibers and QDs/QRs

Preparation of hybrid B-A-B nanofibers

In an example protocol, 20 uL of 0.1 mg mL1 QDs solution (water) was
added dropwise to 500 pL of a 0.1 mg mL! solution of B-A-B segmented
nanofibers in THF:MeOH (1:1, v/v) under stir (250 rpm), resulting in a final 4 wt.%
hybrid B-A-B nanofiber solution. The mixture was then aged at room temperature
for 1 h before analysis by TEM imaging to confirm the resulting geometry of the

hybrid B-A-B nanofibers.

Preparation of hybrid C-A-C nanofibers

In an example protocol, 20 pL of 0.1 mg mL-1 QRs solution (water) was
added dropwise to 500 pL of a 0.1 mg mL-! solution of C-A-C segmented nanofibers
in H20:MeOH (1:1, v/v) under stir (250 rpm), resulting in a final 4 wt.% hybrid C-
A-C nanofiber solution. The mixture was then aged at room temperature for 1 h
before analysis by TEM imaging to confirm the resulting geometry of the hybrid
C-A-C nanofibers.
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Preparation of hybrid C-B-A-B-C nanofibers

In an example protocol, 20 pL of 0.1 mg mL-1 QDs solution (water) and 20
uL of 0.1 mg mL-t QRs solution (water) was sequentially added dropwise to 500
uL of a 0.1 mg mL-1 solution of C-B-A-B-C segmented nanofibers in THF:MeOH (1:1,
v/v) under stir (250 rpm), resulting in a final hybrid C-B-A-B-C nanofiber solution.
The mixture was then aged at room temperature for 1 h before analysis by TEM

imaging to confirm the resulting geometry of the hybrid C-B-A-B-C nanofibers.

Calculations of the Forster radius (Ro)
The Forster radius (Ro) of triblock C-A-C nanofiber and CdSe QR was
calculated following the equation below:41.59

Ink?

Ry=—
0™ 128m5n*

[ KEp0a0 a @)

Where 1 is the emission efficiency of the triblock C-A-C nanofiber from the energy
donor (measured to be 73+10%), k is the dipole-dipole orientation factor taken to
be \/2_/3 for a randomly orientated dynamic average, n is the refractive index of
the donor medium taken to be 2.3%£1,6061 Fp(A) is the area normalized donor
emission spectrum (see Figure 3b in the main text) and oa(A) is obtained by
normalizing our experimental spectra to the literature crystal size dependent
peak absorption coefficient.62 Based on these, the Forster transfer radius (Ro) was

calculated to be 4.93 nm.
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3.5.6. Supplementary Figures

Figure S3. 9: (a), (b) Bright-field TEM images of synthesized CdSe QRs. The CdSe QRs have
dimensions of 12 + 2 nm in length, and 4 + 1 nm in width. (c), (d) Bright-field TEM images of MOA-
CdSe QRs, indicating no observable change after ligand exchange process.
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Figure S3. 10: (a) Bright-field TEM images of commercial CdSe QDs. The diameter of CdSe QDs is
4 + 0.5 nm. Scale bar = 20 nm (inlet). (b) Bright-field TEM images of MUA-CdSe QDs, indicating no
observable change after ligand exchange process. Scale bar = 20 nm (inset).
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Figure S3. 11: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of from PDHF14-b-PEG227 block copolymers in THF: MeOH (1:1, v/v).
TEM images of (b) seed nanofibers and (c), (d) monodisperse nanofibers of controlled length
prepared by seeded growth of PDHF14-b-PEG227 block copolymers. (b) Ln = 22 nm, Lw/Ln = 1.13. (c)
(Ln =109 nm, Lw/Ln = 1.09). (d) Ln = 497 nm, Lw/Ln = 1.05. Scale bars: (b) 250 nm, (c) 500 nm and
(d) 1 pm.
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Table S3. 2: Contour length data from TEM analysis of nanofibers prepared by seeded growth of
PDHF14-b-PEG227 from PDHF14-b-PEG227 seed micelles (Ln = 45 nm, Lw/Ln = 1.11; Ln = 22 nm, Lw/Ln
= 1.13) in THF: MeOH (1:1, v/v) using seeded growth. Seed micelles used for different seeded
growth experiments are represented in the table as 0 equivalents of unimer-to seed.

Unimer-to-Seed Ratio
Exp. 1 Exp. 2

0 2 5 10 20 0 4 8
L, (nm) 45 102 227 497 935 22 109 254
Ly (nm) 50 112 242 523 987 25 119 269
Lw/Ly 1.11 1.09 1.07 1.05 1.06 1.13 1.09 1.06

o (nm) 16 31 58 115 221 7 33 62
o/ L, 0.36 0.30 0.26 0.23 0.24 0.32 0.31 0.24

(a)

Y & ,*\ . " % > 4
A o ) ‘1 g ] - N
Wi PDHF-b-P2VP LN 7}
x unimers :

b A

PDHF-b-P2VP seeds PDHF-b-P2VP nanofibers
(b) e (¢ "1 @ "1 8
L, 102nm L, 188nm ! L, 243nm
3% L, 113nm g“ L, 207nm ‘ f L, 265nm
> 2/ 0 7 /N D 5 LJL, 109
5“ P 33 §06 o 60 an- ! . o 75
. oL, 0.32 = ofL, 0.32 % i oft, 031
5 ] § 044 & 04 i544 |
|
Eoz 2 024 E o2 J-.
55272
1
1] 00 - v v ; . 00 ! 3 s '
] ‘:(‘!) 1000 1500 P'JXJ 2500 3000 o 500 1000 1500 2000 2500 3000 o 500 1000 1500 2000 2500 3000
Contour Length (nm) Contour Length (nm) Contour Length (nm)
(e) ., f 0
| L, 486nm
791 | L, 532nm 298
Al e T
g‘“ 1 | ‘,‘ o 149 ¢
-3 | \ o/L, 0.31 5
Bosd | %o
gn? 1 E 024 e E T
¥
- e e e e TR 2 4 6 8 w0 12 1w 1 1
Contour Length (nm) Contour Length (nm) Myinad My

Figure S3. 12: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of PDHF17-b-P2VP2s0 block copolymers in THF: MeOH (1:1, v/v).
Histograms representing contour length distributions of nanofibers prepared by the seeded
growth of PDHF17-b-P2VP2s0 with munimer/Mseea values of (b) 2, (c) 4, (d) 5, (e) 10 and (f) 15. (g)
Graph of micelle length (Ln) against unimer-to-seed ratio (Munimer/Mseed) showing a linear
correlation.
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Figure S3. 13: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse nanofibers of PDHF17-b-P2VP2s50 in THF: MeOH (1:1, v/v). Bright-field TEM images
of nanofibers prepared by the seeded growth of PDHF17-b-P2VP250 with munimer/mseed values of (b)
2,(c) 4, (d) 5, (e) 10 and (f) 15. Scale bars: 1 um.

Table S3. 3: Contour length data from TEM analysis of nanofibers prepared by seeded growth of
PDHF17-b-P2VP2s0 from PDHF17-b-P2VP2s0 seed micelles (Ln = 40 nm, Lw/Ln = 1.15) in THF:MeOH
(1:1, v/v) using seeded growth. Seed micelles used for the seeded growth experiment are
represented in the table as 0 equivalents of unimer-to seed.

Unimer-to-Seed Ratio
0 2 4 5 10 15
L, (nm) 40 102 188 243 486 703
Ly (nm) 46 113 207 265 532 748
Lw/Ln 1.15 1.10 1.10 1.09 1.09 1.06
o (nm) 15 33 60 75 149 178
o/ L, 0.38 0.32 0.32 0.31 0.31 0.25
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Schematic illustration of the seeded growth protocol employed to prepare
-A-B nanofibers of PDHF17-b-P2VP2s0 (B) from PDHF14-b-PEG227 (A) in THF: MeOH

Figure S3. 14

monodisperse B

(1:1, v/v). Histograms representing contour length distributions of nanofibers prepared by the
seeded growth of PDHF17-b-P2VP250 with munimer/Mseed values of (b) 1, (c) 2, (d) 4, (e) 6, (f) 8 and

(g) 10. (h) Graph of micelle length (Ln) against unimer-to-seed ratio (Munimer/Mseed) showing a

linear correlation.
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Figure S3. 15: Schematic illustration of the seeded growth protocol employed to prepare
monodisperse B-A-B nanofibers of PDHF17-b-P2VP250 from PDHF14-b-PEGz27 in THF: MeOH (1:1,
v/v). TEM images of nanofibers prepared by the seeded growth of PDHF17-b-P2VP250 with
Munimer/ Mseed Values of (b) 1, (c) 2, (d) 4, (e) 6, (f) 8 and (g) 10. Scale bars: (b)-(c) 500 nm and (d)-
(g) 1 pm.

Table S3. 4: Contour length data from TEM analysis of nanofibers prepared by seeded growth of
PDHF17-b-P2VP250 from PDHF17-b-PEG227 seed micelles (Ln = 109 nm, Lw/Ln = 1.09) in THF: MeOH
(1:1, v/v) using seeded growth. Seed micelles used for the seeded growth experiment are
represented in the table as 0 equivalents of unimer-to seed.

Unimer-to-Seed Ratio
0 1 2 4 6 8 10
L, (nm) 109 223 315 523 793 1009 1277
Lw (nm) 119 234 332 547 846 1049 1339
Lw/Ln 1.09 1.05 1.05 1.05 1.07 1.04 1.05
o (nm) 33 50 73 115 205 202 281
o/ Ly 0.31 0.22 0.23 0.22 0.26 0.20 0.22
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Figure S3. 16: (a) Schematic illustration of the seeded growth protocol employed to prepare
monodisperse B-A-B nanofibers of PDHF15-b-QPF16 from PDHF14-b-PEG227in THF: MeOH (1:1, v/v).
Bright-field TEM images of nanofibers prepared by the seeded growth of PDHF17-b-QPF16 with
Munimer/Mseed Values of (b) 1, (c) 2, (d) 4. Scale bar = 200 nm (inset). Histograms representing
contour length distributions of nanofibers prepared by the seeded growth of PDHF15-b-QPF16 with
Munimer/Mseed Values of (e) 1, (f) 2, and (g) 4. (h) Graph of micelle length (Ln) against unimer-to-seed
ratio (Munimer/Mseed) showing a linear correlation.
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Table S3. 5: Contour length data from TEM analysis of nanofibers prepared by seeded growth of
PDHF15-b-QPF16 from PDHF17-b-PEG227 seed micelles (Ln = 62 nm, Lw/Ln = 1.06) in THF: EtOH (1:1,
v/v) using seeded growth. Seed micelles used for the seeded growth experiment are represented
in the Table as 0 equivalents of unimer-to seed.

Unimer-to-Seed Ratio
0 1 2 4 6 8
L, (nm) 62 178 305 567 742 936
Ly (nm) 66 191 332 611 801 1011
Lw/Ln 1.06 1.07 1.08 1.08 1.08 1.08
o (nm) 15 35 87 120 195 234
o/ L, 0.24 0.20 0.28 0.21 0.26 0.25
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Figure S3. 17: (a) Schematic illustration of the seeded growth protocol employed to prepare
monodisperse C-B-A-B-C nanofibers of PDHF15-b-QPF16 from B-A-B seeds in THF: MeOH (1:1, v/v).
TEM images of nanofibers prepared by the seeded growth of PDHF17-b-QPF16 with munimer/Mseed
values of (b) 1, (c) 2, (d) 3. Histograms representing contour length distributions of nanofibers
prepared by the seeded growth of PDHF15-b-QPF16 with Munimer/mseed values of (e) 1, (f) 2, and (g)
3. (h) Graph of micelle length (Ln) against unimer-to-seed ratio (Munimer/Mseed) Showing a linear
correlation.
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Table S3. 6: Contour length data from TEM analysis of nanofibers prepared by seeded growth of
PDHF15-b-QPF16 from C-B-A-B-C seed micelles (Ln = 523 nm, Lw/Ln = 1.05) in THF: EtOH (1:1, v/v)
using seeded growth. Seed micelles used for the seeded growth experiment are represented in the
table as 0 equivalents of unimer-to-seed.

Unimer-to-Seed Ratio
0 1 2 3 4 5
L, (nm) 523 770 1051 1295 1661 1851
Ly (nm) 547 793 1093 1361 1768 1962
Lw/Ln 1.05 1.03 1.04 1.05 1.06 1.06
o (nm) 115 90 135 271 382 407
o/ L, 0.22 0.12 0.14 0.21 0.23 0.22
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Figure S3. 18: (a) Schematic illustration of the decoration of monodisperse PDHF17-b-P2VP2s0
nanofibers with CdSe QDs (Aem=575 nm). (b), (d) Bright-Field STEM and (c), (e) Low-Angle Annular
Dark-Field (LAADF) STEM images of CdSe QDs decorated PDHF17-b-P2VP2s0 nanofibers (Ln = 377
nm, Lw/La = 1.10). (f), (g) TEM images of CdSe QDs decorated PDHF17-b-P2VP250 nanofibers (Ln =
653 nm, Lw/Ln = 1.10). Scale bars (b) and (c): 300 nm; (d) and (e) 400 nm; (f) and (g) 1 pm.
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 LAADF

Figure S3. 19: (a), (e) LAADF STEM images of CdSe QDs decorated PDHF17-b-P2VP250 nanofibers
(Ln = 377 nm, Lw/Ln = 1.10). SEM-EDS mapping images of the elementary distribution of (b), (f)
Nitrogen, (c), (g) Selenium and (d), (h) Cadmium.
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CdSe (-COOH)
quantumdots A, nm

H-bonding
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L9000 10.0kV X7

Figure S3. 20: (a) Schematic illustration of the decoration of monodisperse B-A-B nanofibers with
CdSe QDs (Aem=575 nm). (b) LAADF STEM images of CdSe QDs decorated B-A-B nanofibers (A: Ln
=497 nm, Lw/Ln = 1.05; B-A-B: Ln = 823 nm, Lw/Ln = 1.06). SEM-EDS mapping images of the
elementary distribution of (c) Carbon, (d) Nitrogen and (e) Cadmium. The SEM-EDS mapping
image of Cadmium is below the detection limit for the CdSe QDs.
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Table S3. 7: Photoluminescence quantum yield (PLQY) measurements of different materials.

Material PLQY (405 nm excitation)
CdSe QRs* 0.4£0.1%
Hybrid C-A-C nanofibers* 1.5£0.1%
Rhodamine 6G solution* 54+3%

* the emission wavelength range used to calculate the PLQY is 580-650 nm, where there is
negligible PL emission from PDHF. * Rhodamine 6G ethanol solution is used for reference.

(a)

610 nm CdSe QRs

Hybrid C-A-C triblock nanofibers

B

(c)

S50nm

Figure S3. 21: (a) Schematic illustration of the decoration of monodisperse C-A-C nanofibers with
CdSe QRs (Aem= 610 nm). Bright-field TEM images of hybrid C-A-C nanofibers (b, A: Ln = 330 nm,
Lw/Ln = 1.06; C-A-C: Ln = 510 nm, Lw/Ln = 1.06, ¢, A: Ln = 2110 nm, Lw/Ln = 1.06; C-A-C: Ln = 2285
nm, Lw/Ln =1.07). LAADF STEM and SEM-EDS mapping images of hybrid C-A-C nanofibers (A: Ln =
330 nm, Lw/Ln=1.06; C-A-C: Lh =510 nm, Lw/Ln = 1.06). Elementary distribution of (d), (g), Carbon,
(e), (h), Cadmium, and (f), (i), Selenium in region 1, 2 of the hybrid C-A-C nanofiber, respectively.
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Figure S3. 22: (a) Schematic illustration of the selective decoration of monodisperse C-B-A-B-C
nanofibers with CdSe QDs (Aem = 570 nm) on B segments. (b), (e), (h) LAADF STEM images of a
typical hybrid C-B-A-B-C nanofiber (A: Ln = 109 nm, Lw/Ln = 1.06; B-A-B: L, = 793 nm, Lw/Ln = 1.07,
C-B-A-B-C: Ln = 1135 nm, Lw/Ln = 1.07). Scale bar = 300 nm (b), 100 nm (e), (h). SEM-EDS
elementary distribution mapping images of (c) Carbon and (d) Nitrogen of the hybrid C-B-A-B-C
nanofiber. Scale bar = 300 nm. SEM-EDS elementary distribution mapping images of (f), (i),
Selenium, and (g), (j), Cadmium in region 1 and 2 of the hybrid C-B-A-B-C nanofiber, respectively.
Scale bar = 100 nm.
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Figure S3. 23: (a) Schematic illustration of the selective decoration of monodisperse C-B-A-B-C
nanofibers with CdSe QRs (Aem = 610 nm) on C segments. (b), (e), (j), LAADF STEM images of a
typical hybrid C-B-A-B-C nanofibers (A: Ln = 109 nm, Lw/Ln = 1.06; B-A-B: Ln = 315 nm, Lw/Ln =
1.06, C-B-A-B-C: Ln = 615 nm, Lw/Ln = 1.07). Scale bar = 300 nm (a), 100 nm (e), (j). SEM-EDS
mapping elementary distribution images of (c) Carbon and (d) Nitrogen of the hybrid C-B-A-B-C
nanofiber. Scale bar = 100 nm. SEM-EDS elementary distribution mapping images of (f), (k),
Carbon, (g), (i), Nitrogen, (h), (m), Selenium, and (i), (n), Cadmium in region 1 and 2 of the hybrid
C-B-A-B-C nanofiber, respectively. Scale bar = 100 nm.
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Figure S3. 24: (a) Schematic illustration of the selective decoration of monodisperse C-B-A-B-C
nanofibers with CdSe QDs and QRs on different segments. (b), (e), (f) LAADF STEM image of a
typical hybrid C-B-A-B-C nanofiber (A: Lh=109 nm, Ln = 793 nm, Lw/L,=1.07, C-B-A-B-C: Ln = 1135
nm, Lw/Ln = 1.07). Scale bar = 300 nm (b), 100 nm (e), (f). SEM-EDS elementary distribution
mapping images of (c) Carbon and (d) Nitrogen of the hybrid C-B-A-B-C nanofiber, showing the
QDs and QRs attached to the B and C segments respectively. Scale bar = 100 nm.
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Region 1

Figure S3. 25: (a), (b), (c) LAADF STEM images of a typical hybrid C-B-A-B-C nanofibers (A: Ln =
109 nm, Ln = 793 nm, Lw/Ln = 1.07, C-B-A-B-C: Ln = 1135 nm, Lw/Ln = 1.07). Scale bar = 300 nm (a),
100 nm (b, c). SEM-EDS elementary distribution mapping images of (d), (g), Carbon, (e), (h),
Selenium, and (f), (i), Cadmium in region 1 and 2 of the hybrid C-B-A-B-C nanofiber, respectively.
Scale bar = 100 nm.
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Figure S3. 26: (a) Schematic illustration of the decoration of monodisperse C-A-C nanofibers with
CdSe QRs (Aem=610 nm). (b) LAADF STEM images of CdSe QRs decorated triblock hybrid C-A-C
nanofibers (Ln = 510 nm, Lw/Ln = 1.06). Scale bar, 500 nm. STEM images of the triblock hybrid C-
A-C decorated nanofiber with different quantities of CdSe QRs prepared from (c) adding 2 pL, 1 mg
mL-1 CdSe QRs in H20:EtOH (1:1, v/v) to 1 mL 0.1 mg mL-! triblock hybrid C-A-C nanofiber, (d)
adding 20 pL, 1 mg mL-1 CdSe QRs in H20:EtOH (1:1, v/v) to 1 mL 0.1 mg mL-! triblock hybrid C-A-
C nanofiber, and (e) adding 40 pL, 1 mg mL-* CdSe QRs in H20:EtOH (1:1, v/v) to 1 mL 0.1 mg mL!
triblock hybrid C-A-C nanofiber. Scale bar, 200 nm.

148



Chapter 3

(@)
_”.: * ; CdSe quantum rods i #

X ‘o —N g
PDHF-b-PEG PDHF-b- , - x
nanofibers (A) nanofibers (C)
(b) 4

= 34

c

=3

(o]

[&]

=

T 2

=

‘@

c

9

£ 14

|

o

0 T T T T T T T T
400 450 500 550 600
Wavelength (nm)

Figure S3. 27: (a) Schematic illustration of the addition of CdSe QRs to a mixture of PDHF-b-PEG
(A) nanofibers and PDHF-b-QPF (C) nanofibers in Water: EtOH (1:1, v/v). (b) Fluorescence spectra
of a mixture of PDHF-b-PEG nanofibers (Ln = 41 nm, Lw/Ln = 1.06) and PF-b-QPF nanofibers (L. =
51 nm, Lw/Ln = 1.07) with different added amounts of CdSe QRs (0 to 50 wt. % relative to
nanofibers), indicating the maximum quenching of PDHF crystalline core donor emission (40 %).
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Figure S3. 28: PLE spectrum of hybrid C-A-C nanofibers (solid blue trace, 0.1 mg mL1) and a
control sample of C-A-C triblock nanofibers (solid black trace, 0.1 mg mL1) without QRs attached
as quenchers in H20:MeOH (1:1, v/v) detected at 610 nm emission. The spectrum shows that a
proportion of the excitation spectrum of the hybrid C-A-C nanofibers originates from the direct
emission of PDHF. As indicated in Figure 4a, the emission of PDHF from the hybrid C-A-C nanofiber
samples can be quenched ca. 85%. This means the contribution of direct polyfluorene emission at
610 nm in PLE spectrum of hybrid C-A-C nanofibers equals to ca. 15% intensity of the PLE
spectrum from the C-A-C nanofibers (0.1 mg mL1). The spectrum is corrected (dashed blue trace)
by deduction of the direct emission from PDHF, which is used to calculate the absorption spectrum
of effective hybrid C-A-C nanofibers in Figure 4d.

3.5.7. Transient-Absorption Spectroscopy of C-A-C Nanofibers

In this technique a pump pulse generates photoexcitations within the
solutions, which are then probed at later times using a broadband probe pulse.
Transient absorption spectra were recorded over short (-10 ps - 2 ns) time delays.
The femtosecond transient absorption experiments are performed using a Yb-
based amplifying system, Light Conversion PHAROS with 400 pJ per pulse at 1030
nm with a repetition rate of 38 kHz. The laser output is modified using a 4mm YAG
substrate to produce the probe beam from 520 to 950 nm. Using a narrow band
optical parametric oscillator system (ORPHEUS- LYRA, Light conversion) with
1030 nm seed, the pump beam is generated at 400 and 460 nm (full-width at half-
maximum 250 fs). The probe pulse is delayed using a computer controlled
mechanical delay-stage (Newport) and the on-off pump pulses are generated by

means of a mechanical chopper (Thorlabs) before hitting the sample. The pump
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and probe beams are focused with sizes 210x210 pm and 100x100 um
respectively, at the sample position. The probe pulse transmitted through the 1
mm sample cuvette is collected using a silicon line scan camera (AViiVA

EM2/EM4) with a visible monochromator 550 nm blazed grating.

TA data of loaded and unloaded C-A-C nanofibers
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Figure S3. 29: TA map of unloaded C-A-C nanofibers (A: Ln = 87 nm, Lw/Ln = 1.05; C-A-C: Ln = 152
nm, Lw/Ln=1.07). The pump wavelength is 400 nm, with an excitation fluence of 3] /cm?2. data has
been background-corrected, chirp-corrected, and a bilateral filter with a Gaussian kernel has been
used to remove excessive noise.
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Figure S$3. 30: TA map of C-A-C nanofibers (A: Ln = 87 nm, Lw/Ln = 1.05; C-A-C: Ln = 152 nm, Lw/Ln
=1.07) with 50 wt. % loading of CdSe QRs relative to nanofibers. The pump wavelength is 460 nm,
with an excitation fluence of 4uJ/cm?2 to account for the lower absorption of the QRs at 460 nm
versus 400 nm. This fluence results in roughly the same maximum QR exciton density being
reached when the hybrid ensemble is excited at 400 nm. (see Figure S3. 31). The data has been
background-corrected, chirp-corrected, and a bilateral filter with a Gaussian kernel has been used
to remove excessive noise.
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Figure S3. 31: TA map of C-A-C nanofibers (A: Ln = 87 nm, Lw/Ln = 1.05; C-A-C: Ln = 152 nm, Lw/Ln
=1.07) with 50 wt. % loading of CdSe QRs relative to nanofibers. The pump wavelength is 400 nm,
with an excitation fluence of 3uJ/cm?. The data has been background-corrected, chirp-corrected,
and a bilateral filter with a Gaussian kernel has been used to remove excessive noise.

152



Chapter 3

Modelling of energy transfer from TA data

To model the energy transfer in the TA data we employ a linear regression method
for its simplicity, repeatability, ability to find global minima, and for the fact that
it allows for the quantitative extraction of population kinetics. To begin, we find
the individual spectra associated with the PDHF and QRs respectively - see Figure
S3.32.
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Hybridi@400nm (QRs+PDHF)
Hybrid @4 00nm-Hybrid@460nm
(FDHF)

4 . . . . :
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Figure S3. 32: Blue line: TA spectra (averaged from 1-50 ps) of hybrid ensemble excited at 460
nm (figure S30), giving the QR TA spectrum. Orange line: TA spectra (averaged from 1-50 ps) of
hybrid ensemble excited at 400 nm (figure S31). Yellow line: orange spectrum minus % X blue
spectrum, with factor of %2 to account for the slightly higher QR exciton density at 1-50 ps with 460
nm excitation. This yellow spectrum gives the PDHF spectrum. The PDHF spectrum was extracted
this way since the intrinsic PDHF TA spectrum may be slightly different in the loaded nanofibers
versus the unloaded nanofibers, and so the subtraction method used here gives the most physically
realistic results for the hybrid ensemble.

We then assume that the TA of the hybrid can be represented by two species (the
PDHF and QR components):

TA(A, t) = Spectra(A) x Concentrations(t) 3)

where TA(4, t) is the TA data (Figure S3.29-31), Spectra(A) are the PDHF and QR
spectra shown in Figure S3. 32, and Concentrations(t) are the unknown

parameters. This be written more explicitly in matrix form as:
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(COHCPF (ty) Concpp(ty)

TA(A4,t;) TAQA4,ty) - TApr(A1) TAgr(A1)
( ) Concor(ty) Concyr(ty)

TA(A2,t1) TA(Ay,t3) TApr(A2) TAgr(42)

We then use linear regression to the PDHF and QR concentrations at each time
using the “mldivide” function in Matlab R2018b. This is equivalent to finding the
concentrations of the PDHF and QR at each time, that, when multiplied with their
respective spectra, the sum of which most closely matches the TA spectrum at that
time point (i.e. the residuals are minimized). This means that each spectral slice in
the TA map is treated separately from every other spectral slice at different
timepoints. We apply this linear regression analysis using two species to the
hybrid excited at 400 nm (Figure S3. 31), using 1 species (QRs) to the hybrid
excited at 460 nm (Figure S3. 30) and using 1 species (PDHF) to the unloaded C-
A-C nanofibers excited at 400 nm (Figure S3. 29). The results for the

concentrations in each case are shown in Figure S3. 33.
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Figure S3. 33: (a) Extracted exciton population kinetics of: PDHF in (unloaded) C-A-C nanofibers
with 400 nm excitation (purple), giving the intrinsic PDHF dynamics; QRs in hybrid C-A-C
nanofibers after 460 nm excitation (yellow), giving the intrinsic QR dynamics; PDHF in hybrid C-
A-C nanofibers upon 400 nm excitation (blue), showing shortened lifetime due to energy transfer;
and QRs in hybrid C-A-C nanofibers (orange), with the rise over time demonstrating energy
transfer from PDHF to the QRs. The fluence with 400 nm excitation was 3 pJ/cm2/s in each case,
and at 460 nm a fluence of ~4 pJ/cm?2/s was used to account for the QRs’ lower absorption at 460
nm, and so that the maximum QR exciton concentration in each case was equal. Global fits are
shown in each case using a 3-parameter model i.e. by using equations 7, 8, 9, and 10 for the purple,
orange, yellow, and blue lines respectively. (b) Illustration of 3-parameter model labelled with
extracted time constants from (a). The system shows high transfer efficiency (7010 %), and
excitons are funnelled to the QRs with a time constant of 130 ps.
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To assess whether linear regression with two species accurately models the data
we compare the LHS of equation (4) - the real data - with the RHS of equation (4)
- the intrinsic spectra multiplied by the extracted concentrations (i.e. the
reconstruction of the data set). The comparison shown in Figure S3. 34 clearly

shows linear regression with two species accurately models the data.
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Figure S3. 34: Left panel: TA data of loaded hybrid ensemble excited at 400 nm. Right panel:
reconstruction of data set in left panel using linear regression. An excellent match between the
data and its reconstruction is found.

We next normalize the concentrations at 2 ps by using their average value from
1.5 to 2.5 ps. This value of 2 ps was used because there is an ultrafast rise in the
QR signal (and hence the extracted exciton population) in the first 2 ps due to
cooling of hot carriers to the band edge. This cooling was judged to have fully
finished by 2 ps. Next, we scale the exciton populations to reflect the fact that we
initially create more carriers in the PDHF than the QRs due to the higher
absorption of PDHF at 400 nm. Finally, we need to model the energy transfer in

the hybrid nanofibers. We do this by assuming a 3-parameter model:

d[PDHF] (1 1
- (Z + g) [PDHF] (5)
UK _ L (pprzry — L fom ©
%) T3

where 7, is the intrinsic decay time of the PDHF, 7, is the PDHF-to-QR transfer

rate, and 75 is the intrinsic decay of the QRs. This simple model was used to avoid
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over-fitting the data, and because it still accurately models the data. A graphical
representation of this model is shown in Figure S3. 33. The solutions to the

system-of-equations (5, 6) are the following:
[PF] = [PF]ge™(atha)t 7

e~ (katha)t (—kz [PF]o + e*at (kp[PF]o + k4[QR]0))
ks

[QR] = (®)
where we have defined k, = k; + k, — k3, and k; = 7;. Note that for the case of

460 nm excitation, [PF], = 0 and we can write:

[QR] = [QR]ge~*s* 9)

Furthermore, for the case of the unloaded C-A-C nanofibers where k, = 0 we can

write:

[PF] = [PF]oe ™1t (10)

We then globally fit equations 7-10 to the exciton populations shown in Figure S3.
33. This was done by using the “fminsearch” function in Matlab R2018b. In the
global minimization we also optimize the initial starting values for each exciton
population. Also note that we only fit from 2 ps onwards to avoid fitting the hot-
carrier cooling in the QRs as previously mentioned. Overall, we find that the
equations model the data well, despite the low number of parameters employed
(and hence there being no possibility for the occurrence of over-fitting). Finally,

to find the energy transfer rate we take

(11)

This gives an energy transfer rate of 70 + 10%. The uncertainty in this case is
conservatively estimated as +10% since the “fminsearch” algorithm does not

output an uncertainty.

156



Chapter 3
Red-shift of QR TA signal

As can be noticed in Figure S3. 30, there is red-shift in the ground-state-
bleach (GSB) of the QR signal when excited at 460 nm. Discounting the first 2 ps
where analysis of the GSB peak is complicated by carrier-cooling, we observe a
~15 nm red-shift over 2 ns. Alternatively, there is negligible peak-shift for a pure
solution of the QRs (despite these QRs originating from the same batch). The
explanation we give for this is that the QRs in the C-A-C hybrid nanofibers are
relatively close to one another, allowing for Forster energy transfer of excitons
between the QRs themselves. Since there will be some degree of polydispersity,
excitons will therefore hop preferentially to the QRs with the lowest bandgaps,
resulting in an overall red-shift in the GSB. This effect has been observed
previously.>! In solution however, the QRs are too far away from one another for
energy transfer to occur, and therefore the GSB peak position stays constant. To
model the rate of red-shift we employ a simple exponential rate i.e. that the peak

position E;¢p follows:
Egsp(t) = Ege ™ rt + E, (12)

From this we find that the rate of red shifting has a characteristic time constant of

ki = 7, = 510 % 80 ps. Note that this time constant is found by fitting in units of

energy, not wavelength. We interpret this rate of red-shifting as the QR-to-QR
energy transfer rate.

Another notable feature is that initial peak position of the QRs in the pure solution
is higher (by ~10 nm) versus that of the QRs the hybrid nanofibers. Since the QRs
originate from the same initial batch, this indicates there is some slight
preferential incorporation of smaller QRs with larger bandgaps into the hybrid

nanofibers.
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Figure S3. 35: Peak position of ground-state-bleach (GSB) of QRs in TA for pure solution of QRs
(in EtOH) and for the QRs in the hybrid ensemble (when selectively excited at 460 nm). The peak
position is extracted by Gaussian fitting plus a constant of the GSB. The yellow line is an exponential
fit to the C-A-C QR redshift from 2 ps onwards. The grey shaded area highlights the initial period
of carrier cooling in the QRs in the first 2 ps, complicating any interpretation of this region.
However, past 2 ps, the GSB of the QRs in the hybrid nanofibers show a significant red-shift over
time, despite the QRs originating from the same QR batch as that of the solution.
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Chapter 4
4.1. Abstract

Understanding and controlling chirality on the nanoscale is of widespread
interest in developing complex functional materials for a number of current and
emerging electronic, sensing and biological applications. The construction of
helical nanostructures through self-assembly methods has predominantly
focused on small molecules and few reports have looked at macromolecular
building blocks. Herein, the preparation of helical nanofibers via crystallization-
driven self-assembly (CDSA) of various polyfluorene-based block copolymer is
described, including (S-) poly(di-n-(3,7-dimethyoctane)fluorene)-b-poly(di-n-
hexylfluorene)[PPhs3]Br ((S-) PDCF-b-PDHF[PPhs3]Br, (S-) PDCF-b-PDHF-b-
poly(N-isopropylacrylamide) ((S-) PDCF-b-PDHF-b-PNIPAm), (R-) PDCF-b-
PDHF[PPhs3]Br and (R-) PDCF-b-PDHF-b-poly(ethylene glycol) ((R-) PDCF-b-
PDHF-b-PEG). Single-handed helical nanofibers were formed, composed of a
central crystalline PDHF core, a chiral (S-)/(R-) PDCF m-conjugated block and a
solvophilic corona-forming block. Helicity of the self-assembled micelles was
probed in solution by circular dichroism (CD) spectroscopy and in the dried state
by transmission electron microscopy (TEM) and atomic force microscopy (AFM).
Seeded growth afforded control over the length of the helical nanofibers prepared

by the self-assembly of the triblock copolymer (S-) PDCF-b-PDHF-b-PNIPAm.
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4.2. Introduction

In nature, homochirality is abundant and critical for key biological
functions for example DNA and RNA are predominately composed of b-sugars and
in proteins the major building blocks are L-amino acids. Additionally, chirality can
be present on numerous hierarchical levels from the sub-atomic to the
macroscopicl? and even galactic scales.3# Significant research has focused on
using self-assembly methods to fabricate highly complex and controlled helical
structures. Chiral components can generate higher order helical structures via
chiral amplification.3>¢ Chirality in a material can directly influence the desired
functionality such as enhancing hole mobility.” Several emerging areas where
chiral structures hold intriguing potential include solar-energy conversion,
photonics, and plasmonics.8

The construction of chiral nanomaterials with controlled dimensions and
handedness via self-assembly of small molecules has attracted substantial
interest.?10 Recent work in this field has been expanded to include the use of
semiconducting polymers as building blocks for the formation of size-controlled
helical structures for tailored optoelectronic devices, including responsive liquid
crystal displays and advanced organic photovoltaics. Solution self-assembly of
amphiphilic block copolymers (BCPs) with a crystallizable m-conjugated polymer
block can be used to prepare highly ordered structures with low curvature at the
core-to-corona interface. 11-20

Micelles formed through crystallization-driven self-assembly (CDSA)
possess crystal faces that can undergo further epitaxial growth in the presence of
added BCP unimer. Fragmentation of the micelles via sonication yields short
micelles that can act as seeds to prepare a variety of controlled length fibers. This
seeded epitaxial growth process is termed ‘living’ CDSA and bears resemblance to
living covalent polymerization. Investigations into the exciton diffusion properties
of crystalline core micelles prepared by seeded growth of poly(di-n-
hexylfluorene)-based BCPs were recently reported. 2! It was revealed that the
micelle cores possessed near single crystal-like order enabling access to
exceptionally long exciton diffusion lengths (> 200 nm).21 Although fiber-like

micelles can be prepared through the CDSA of a variety of m-conjugated materials,
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the preparation of other micelle morphologies and their inherent electronic
properties remains limited.1522.23

Helical fibers can be prepared by the self-assembly of polythiophene (PT)-
containing BCPs, hexabenzocoronene (HBC)- or perylenediimide (PDI)-based
molecular amphiphiles.23-27 [n the case of PT-based helical fibers, helicity was
achieved either by complexation of ethylene glycol chains in the corona-forming
block and potassium ions or by use of an optically active helical poly(phenyl
isocyanide) corona-forming block.2324 Seeded growth strategies have been
developed using helical HBC- or PDI-based seeds.2>26 The helicity of the
supramolecular polymers is controlled by the helical seeds and it can be induced
in the newly formed segments composed of achiral monomers. Very recently,
control over the helical fiber lengths via ‘living’ CDSA has been reported using PT-
containing BCPs.23

In this Chapter, we report the preparation of controlled uniform one-
handed helical nanowires through the CDSA of polyfluorene-based block
copolymers (Figure 4. 1). Poly(di-n-hexylfluorene) (PDHF) was used as the
crystallizable central core-forming block of the nanofibers. A chiral polyfluorene
with (§-) or (R-) enantiomerically enriched side chains, poly(di-n-(3,7-
dimethyoctane)fluorene) (PDCF), was used as a corona-forming block, to enable a
twist in the nanofibers. Self-assembled nanofibers of these materials were
characterized by transmission electron microscopy (TEM), atomic force

microscopy (AFM) and circular dichroism (CD) spectroscopy.

S R S
x Fragmentatlon
% Sonication at 0°C & * triBCP Unimer % w

Polydisperse Helical Helical Uniform Helical
Micelles Seed Micelles Micelles

Figure 4. 1: Schematic illustration of the preparation of low-dispersity helical micelles via CDSA
of (S-) PDCFs-b-PDHF10-b-PNIPAmss triBCPs containing a central crystallizable PDHF core-forming
block (blue regions), a chiral PDCF corona-forming block (purple regions), and an additional polar
PNIPAm corona-forming block (yellow regions) for colloidal stabilization of the micelles in
solution.
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4.3. Results and Discussion

4.3.1. Chiral Polyfluorene-based BCP Material Design and Synthesis

A fluorene polymer with (S-) or (R-) enantiomerically enriched side chains
was selected as a chiral corona-forming block, poly(di-n-(3,7-dimethyoctane))
(PDCF) to enable the formation of helical nanofibers. Poly(di-n-hexylfluorene)
(PDHF) was used as the crystallizable core-forming block and an additional
corona-forming block was used that could be solvated in poor solvents for the
PDHF block. The formation of colloidally stable helical nanostructures was
expected to depend on the solvent medium and chemical nature of the stabilizing
corona-forming blocks hence a range of coronas were investigated that could
favour self-assembly in different polar solvents all of which are favourable for the
crystallization of the PDHF block. Polyethylene glycol (PEG), poly(N-
isopropylacrylamide) (PNIPAm), and a charged small molecule (triphenyl
phosphonium bromide, [PPh3]Br) were chosen as the corona-forming blocks. This
choice enables the use of polar solvent systems for self-assembly which typically
enable crystallization-driven self-assembly of PDHF BCPs.

Synthesis of the polyfluorene-based materials was achieved by employing
a copper-catalyzed azide-alkyne cycloaddition click reactions (CuAAc) with
alkyne-terminated (S-) or (R-) PDCF-b-PDHF and azido-terminated PEG, PNIPAm,
and [PPhs3]Br (Scheme S4. 1). The polyfluorene diblock copolymers were
synthesized via sequential Grignard metathesis (GRIM) polymerization. First. 2-
bromo-7-iodo-9,9-bis-n-(3,7-dimethyoctane)fluorene then 2-bromo-7-iodo-9,9-
bis-n-hexylfluorene was subsequently polymerized from the (S-) or (R-) PDCF
homopolymer block. The polymerization was quenched with ethynyl magnesium
bromide to afford alkyne-terminated polymers. Subsequent purification by
Soxhlet extraction in methanol, ethyl acetate and chloroform resulted in the
purified polymers with low-dispersity molecular weight distributions (Pm <
1.22). Furthermore, the polymerization sequence could not be reversed to obtain
alkyne-terminated PDHF-b-(S-) or (R-) PDCF BCPs. In the first step PDHF
homopolymer was synthesized but addition of 2-bromo-7-iodo-9,9-bis-n-(3,7-
dimethyoctane)fluorene monomer did not result in chain extension. The added

monomer self-polymerized possibly because the m-complex of Ni (0) and PDHF
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chain was weaker than that of the Ni (0) and the added monomer. Therefore the
BCPs used for CDSA studies have a A-b-B-b-C architecture, where segments A and
C are corona-forming blocks and segment B is the crystallizable core-forming
block.

Tosylate-terminated PEG and (3-bromopropyl) triphenylphosphonium
bromide were azido-functionalized by a substitution reaction with sodium azide
and azido-functionalized PNIPAm was prepared by reversible addition-
fragmentation transfer (RAFT) polymerization using an azido-functionalized
chain transfer agent. Employing the CuAAc reaction with the azido-terminated
polymers or charged small molecule and the alkyne-terminated polyfluorene

diblock copolymers, afforded the final materials that were subsequently purified

by silica gel chromatography to give low dispersity products (Pm < 1.2).

(R-) PDCF,,;-b-PDHF ;| PPh;|Br (R-) PDCF,-b-PDHF,-b-PEG, 3

Scheme 4. 1: Chemical structures of the chiral-based materials synthesized. (S-) PDCFs-b-
PDHF10[PPhs]Br, (S-) PDCFe-b-PDHF10-b-PNIPAmes, (R-) PDCF11-b-PDHF13[PPhs]Br, (R-) PDCF11-b-
PDHF13-b-PEG113. The central crystallizable PDHF core-forming block is highlighted in blue, the
chiral PDCF corona forming blocks in purple and teal, and the polar solvophilic corona-forming
blocks in pink, yellow and grey.

The degree of polymerization for the (S-) or (R-) PDCF blocks were
calculated from matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry analysis, whereby the number-average
molecular mass (Mn) of the homopolymer aliquot from the GRIM polymerization
is found (Figure S4. 1-2). Analysis of the IH NMR spectrum of the triblock
copolymers allowed for determination of the ratio of the blocks, which allowed for
the degree of polymerization for each block to be determined (Figure S4. 3-6). The
weight-average molecular mass (Mw) and molecular mass dispersity (Pm) for all

materials were determined by gel permeation chromatography (GPC) (Figure S4.
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7-9). The chemical structure of each material used in this work is shown in Scheme
4.1 and the degree of polymerization for each block in the copolymers is described

in Table 4. 1.

Table 4. 1: Characterization data for PDHF-based block copolymers.

Material Composition b M (kDa) ¢ My (kDa) © Dm ¢
(S-) PDCFeg2 10.3 11.8 1.15

(R-) PDCF112 11.0 13.3 1.21

(S-) PDCFe-b-PDHF10 18.9 22.6 1.19

(R-) PDCF11-b-PDHF13 29.1 35.6 1.22

(S-) PDCFs-b-PDHF10[PPhs]Br 19.2 233 1.19
(S-) PDCFs-b-PDHF10-b-PNIPAmss 25.1 29.6 1.18
(R-) PDCF11-b-PDHF13[PPhs]Br 30.3 35.9 1.18
(R-) PDCF11-b-PDHF13-b-PEG113 31.7 36.7 1.16

Degree of polymerization determined by @ MALDI-ToF and b 1H NMR. Number-average molecular
weight (Mn), weight-average molecular weight (Mw) and molecular mass dispersity (Dm = Mw/Mn)
values determined by ¢ GPC (THF containing [nBusN]Br (0.1% w/w)) calibrated against
polystyrene standards.

4.3.2. Preparation of Helical PF Nanofibers via CDSA

CDSA of polyfluorene-based PF BCPs can be achieved in mixed THF and
alcohol solvent systems. First, PF polymers (Hildebrand solubility parameter, pr
= 18.6-19.0 MPal/2) were dissolved in THF, the tyndall phenomenon was not
observed for these solutions and UV-vis spectroscopy provided further evidence
of the formation of molecularly dissolved BCP unimers by the presence of a broad
vibronic peak at 390 nm. Selective solvent for the corona-forming blocks PEG
(8pEGsk = 21.4 MPat/2), PNIPAm (Spnipam = 24.8 MPal/2), P2VP (8pzve = 21.3 MPal/?2)
and [PPhs]Br, such as methanol (MeOH, 8meon = 29.7 MPal/2), ethanol (EtOH, Skton
= 26.2 MPa'/2) or isopropanol (iPrOH, &irron = 23.5 MPal/2) were added slowly to
the unimer solution in THF to promote homogenous self-nucleation of the PDHF
block. Self-assembly behavior of the (S-) PDCF-b-PDHF-based triblock copolymers
were studied with varying ratios of THF:MeOH/EtOH/iPrOH at 0.3 mg mL1 at
20°C and aged for 24 h before TEM imaging.

In the case of (S-) PDCFe-b-PDHF10[PPhs3]Br, after aging for 24 h, TEM

analysis showed the aggregation had occurred in THF:iPrOH solvent systems
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(Figure S4. 10). Significantly, the self-assembly of triblock copolymer was
extremely sensitive to the ratio of common solvent for all blocks (THF) to the
selective solvent for the [PPhs]Br group (iPrOH). In THF:iPrOH (11:9, v/v), small
irregular aggregates (< 50 nm) are observed suggestive of some aggregation of the
PDHF block. On increasing the poor solvent for the PDHF block, predominantly
long fiber-like micelles with polydisperse lengths were observed from self-
assembly in THF:iPrOH (1:1, v/v) and THF:iPrOH (9:11, v/v). With the inclusion
of more polar solvent, in THF:iPrOH (2:3, v/v), THF:iPrOH (7:13, v/v) and
THF:iPrOH (3:7, v/v) irregular and large aggregates were formed as a result of
faster aggregation of the PDHF block. These results indicated that THF:iPrOH (1:1,
v/v) and THF:iPrOH (9:11, v/v) are the most promising systems to facilitate
efficient CDSA of the (S-) PDCFe-b-PDHF10[PPh3]Br triblock copolymer in solution.
However, some small irregular aggregates were still observed in these solvent
systems, so a post-annealing step was added to attain morphologically pure fiber-
like micelles, this involved heating the fiber solution to 50 °C for 2 h, followed by
slow cooling to 20 °C and ageing for 24 h (Figure 4. 2a, c).

Next, self-assembly of (S-) PDCFe-b-PDHF10[PPhs3]Br was investigated in
solvent mixtures containing polar aprotic solvents such as DMF and DMSO (Figure
S4.11). Adding DMF/DMSO dropwise to a unimer solution in THF at 20 °C led to
precipitation of the polymer or the formation of irregular clustered aggregates. A
direct dissolution method was used next in which a suspension of (S-) PDCFe-b-
PDHF10[PPhs3]Br in a THF:DMF/DMSO mixture was heated at 140 °C for 30 mins
followed by slow cooling and ageing at 20 °C for 24 h before imaging. In THF:DMF
mixtures with a DMF content of < 60 % a mixture of short and long fiber-like
micelles (> 3 um) (Figure S4. 11a-c). Fibrous bundles were prepared by self-
assembly in higher contents of DMF (70 %) (Figure S4. 11d). Interestingly, in
THF:DMSO mixtures large 2D platelets could be prepared with either a hexagonal
(DMSO 50 %) or rectangular (DMSO 70 %) shape (Figure S4. 11e, f). Additionally,
the large 2D platelets appear to spiral up layer by layer to a central peak. Each
layer in the spiral structures possessed the same shape and a gradient in the
electron contrast from the bottom to the top layer was observed. This suggests
that screw dislocations occurred during the formation of the polydisperse

platelets that then led to construction of the three-dimensional spiral
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architectures. Similar structures have been reported based on poly(p-
phenylenevinylene)-based BCPs that undergo self-assembly in solution driven via
intermolecular m-m stacking and screw dislocations.28 Investigations into
preparing 2D platelets by CDSA of other phosphonium-capped PDHF polymers
and using ‘living’ CDSA to obtain low area dispersity platelets is discussed further

in Chapter 5.
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Figure 4. 2: (a) Self-assembly of (S-) PDCFe-b-PDHF10[PPh3]Br in THF:iPrOH (9:11, v/v) to form
helical nanofibers. Chemical structure of (S-) PDCFe-b-PDHF10[PPhs]Br and schematic illustration
of the nanofiber preparation. (b) Self-assembly of (S-) PDCFs-b-PDHF10-b-PNIPAmses in THF:MeOH
(1:1, v/v) to form helical nanofibers. Chemical structure of (S-) PDCF¢-b-PDHF10-b-PNIPAmes and
schematic illustration of the nanofiber preparation. (c) TEM image of (S-) PDCFe-b-
PDHF10[PPhs]Br nanofibers drop cast from THF:iPrOH (9:11, v/v). Scale bar: 1 um. (d) TEM image
of (S-) PDCFe-b-PDHF10-b-PNIPAmses nanofibers drop cast from THF:MeOH (1:1, v/v). Scale bar: 2
um. Inset scale bar: 500 nm.

Using a polymeric corona-forming block (PNIPAm) instead of the smaller
[PPhs]Br group, also resulted in crystallization of the core-forming PDHF block. In
the case of (S-) PDCFes-b-PDHF10-b-PNIPAmes, TEM analysis showed that
aggregation of PDHF occurred in THF:iPrOH, THF:EtOH and THF:MeOH solvent
systems. In THF:MeOH (1:1, v/v), predominantly long polydisperse fiber-like
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micelles are formed but also some small aggregates were detected. Increasing the
amount of MeOH (55 and 60 %) resulted in the formation of shorter fiber-like
micelles and predominantly small irregular aggregates (ca. < 50 nm). The fibers
prepared THF:MeOH (1:1, v/v) were subsequently annealed at 50 °C for 2 h
resulting in morphologically pure fiber-like micelles (Figure 4. 2b, d). Moreover,
multiple twists in the fibers are clearly visible from the TEM image (Figure 4. 2d).

The self-assembly of BCP materials composed of a chiral polyfluorene
block with the opposite R chiral center ((R-) PDCF) was studied to determine the
influence of the different enantiomers on the self-assembly and handedness of
helical fibers formed. Similar to the (S-) analogue, (R-) PDCF11-b-PDHF13[PPh3]Br
can also form fibers in THF:iPrOH solvent mixtures. The slightly longer degree of
polymerization of the core-forming block in this (R-)-based polymer meant that
the ideal solvent system to form fibers required more common solvent (THF) than
what was needed for the (S-)-based analogue. Annealing the fibers prepared by
self-assembly of (R-) PDCF11-b-PDHF13[PPh3]Br in THF:iPrOH (11:9) at 50 °C for 2
h followed by slow cooling and ageing at 20 °C was carried out (Figure 4. 3a). This
was necessary to re-dissolve the small irregular aggregates formed by rapid
precipitation at 20 °C (Figure 4. 3c). Using PEG as a polar corona-forming block
was also successful in the preparation of nanofibers via CDSA. In solvent mixtures
with high contents (90 %) of polar solvent (iPrOH, EtOH or MeOH) mainly small
irregular aggregates were observed (< 50 nm) (Figure S4. 12a-c). Fibers were
exclusively obtained in THF:EtOH (1:1, v/v) (Figure 4. 3b, d).

The absorption spectra for the different (S-)- and (R-)-based materials in
THF display a broad peak at ca. 390 nm typical for solvated poly(di-n-
alkylfluorene) materials (Figure S4. 13a-c).2? For the fibers formed via CDSA of the
phosphonium-capped (R-) PDCF11-b-PDHF13 and (S-) PDCFs-b-PDHF10 BCPs in
THF:iPrOH solvent mixtures a slightly red-shifted shoulder at 410 nm and a blue-
shifted maxima at 380 nm was observed in the absorption spectra (Figure S4. 13b,
c). This is attributed to mixed H- and J- like aggregate characteristics.30.31
However, for the fibers formed by CDSA of (S-) PDCFs-b-PDHF10-b-PNIPAmes in
THF:MeOH (1:1, v/v) a significant blue-shifted maximum absorption peak at 352
nm and a small red-shifted shoulder at 400 nm were detected (Figure S4. 13a).

This suggests that H-like aggregation is predominant which could be a result of
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aggregation of the (§-) PDCF block in the more polar solvent system (MeOH vs
iPrOH). Similar to the emission profiles of fibers prepared by CDSA of PDHF-based
BCPs presented in Chapters 2 and 3, the emission spectra for the fibers composed
of the (5-)- and (R-)-based materials also display defined vibronic features with a
ratio of 1.7:1 of the lo-0o band (Amax = 412-417 nm) to the lo-1 band (Amax = 442nm)
(Figure S4. 13d).
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Figure 4. 3: (a) Self-assembly of (R-) PDCF11-b-PDHF13[PPhs3]Br in THF:iPrOH (11:9, v/v) to form
helical nanofibers. Chemical structure of (R-) PDCF11-b-PDHF13[PPhs3]Br and schematic illustration
of the nanofiber preparation. (b) Self-assembly of (R-) PDCF11-b-PDHF13-b-PEG113 in THF:EtOH
(1:1, v/v) to form helical nanofibers. Chemical structure of (R-) PDCF11-b-PDHF13-b-PEG113 and
schematic illustration of the nanofiber preparation. (c) TEM image of (R-) PDCFii-b-
PDHF13[PPhs]Br nanofibers drop cast from THF:iPrOH (11:9, v/v). Scale bar: 1 pm. (d) TEM image
of (R-) PDCF11-b-PDHF13-b-PEG113 nanofibers drop cast from THF:EtOH (1:1, v/v). Scale bar: 1 pm.

4.3.3. Characterization of Nanofiber Helicity
Characterizing helical nanofiber structures is a challenge as helicity may be
present on different length scales, this affects which analytical technique is able to

efficiently characterize and observe the helical conformation.32 CD spectroscopy
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is the most used technique for probing the helicity of nanofibers in solution but a
racemic mix of left- and right-handed helices would not be detected. AFM can be
used to probe the helicity of the nanofibers in the dried state. Helical nanofibers
should be identified by the presence of visible periodic and angled striping along
the nanofiber. The height or phase profile will give information on the size of the
helical pitch and the angle of the striping will indicate the handedness. Overall
there are many challenges in probing the helicity of nanofibers, for CD
spectroscopy artifacts can hinder the validity of the measurements. For AFM, the
nanofibers will need to possess a helical pitch of several nanometers to be visible,
additionally the helical structure of the nanofiber maybe shielded by large
solubilizing coronal chains on the periphery that could render the helix structure
invisible from the AFM tip.32

CD spectroscopy experiments were conducted to obtain evidence of
helicity in the nanofibers prepared by CDSA of (S-) or (R-) PDCF-b-PDHF based
materials. We needed to also determine the origin of helicity and rule out any
potential contributions to the CD spectra from isolated molecules or non-fibrous
aggregates. Absorption and CD spectra were conducted in tandem to ensure the
samples were of a sufficient concentration to detect a CD signal and to determine
whether any CD signal observed also corresponds to the absorption peaks for
polyfluorene. The CD spectrum of (R-) PDCF11-b-PDHF13[PPh3]Br unimers in THF
showed no active signal (Figure 4. 4a) nor was a signal detected for the (R-) PDCF11
homopolymer in THF:iPrOH (11:9, v/v) (Figure S4. 14a). A clear CD signal was
detected for the fibers formed from CDSA of (R-) PDCF11-b-PDHF13[PPhs]Br in
THF:iPrOH (9:11, v/v). The minima of the negative CD signal corresponds to the
maximum absorption peak (Amax = 384 nm) for the fiber sample. A shoulder trough
in the CD signal is observed also associated with the absorption peak observed at
400 nm for the fibers. Therefore we can attribute the CD signal to helicity present
due to the fiber conformation. Additionally, the presence of a CD signal also

indicates that the fibers formed have a preferential twist direction.
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Figure 4. 4: (a) CD and absorption spectra of (R-) PDCF11-b-PDHF13[PPh3]Br unimers in THF (grey
traces) and fibers in THF:iPrOH (11:9, v/v) (teal traces). Inset: cartoon illustrations of the (R-)
PDCF11-b-PDHF13[PPh3]Br unimers and helical nanofibers. (b) CD and absorption spectra of (S-)
PDCFe-b-PDHF10[PPhs]Br unimers in THF (grey traces) and fibers in THF:iPrOH (9:11, v/v) (purple
traces). Inset: cartoon illustrations of the (S-) PDCFes-b-PDHF10[PPh3]Br unimers and helical
nanofibers. Sample concentrations: 0.02 mg mL™.

For the (S-)-based analogue, (S-) PDCFes-b-PDHF10[PPhs3]Br, the CD spectra
collected for the unimers in THF and fibers in THF:iPrOH (9:11, v/v) matched the
spectra obtained for (R-) PDCF11-b-PDHF13[PPhs]Br. The negative monosignate
Cotton effect observed for the two enantiomers suggest that both materials have
a preference to form helical nanofibers of the same handedness via twisting of the
ribbon-like PDHF fiber cores. A bisignate cotton effect would indicate chiral
aggregation of the (S-) or (R-) PDCF blocks.33 For the fibers formed via CDSA of (S-
) PDCFe-b-PDHF10-b-PNIPAmes in THF:MeOH (1:1, v/v) a bisignate cotton effect
was observed which suggests that some chiral aggregation of the (S-) PDCF block
occurred during self-assembly. This could be due to the more selective solvent
used for this material (MeOH) compared to that used in the preparation of the (S-
)/(R-) PDCF-b-PDHF[PPhs]Br fibers (iPrOH) (Figure S4. 15).

AFM height imaging was used next to probe the helicity of the fibers in the
dried state. For these experiments the phosphonium-capped BCP materials are
more suitable for analysis to probe the helical pitch. Initial attempts at probing the
helicity of the triblock copolymer materials were unsuccessful due to the large
polymeric corona-forming block which shielded the helical pitch in the fibers from
the AFM tip. However, AFM height analysis of the (S-) PDCFes-b-PDHF10[PPhs3]Br
fibers, drop cast from THF:iPrOH (9:11, v/v) on to carbon-coated mica, revealed a

periodic dip in height along the fiber core and along the coronal chains flanking
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the core (Figure 4. 5a). A pitch of ca. 20 nm was observed along the fiber core

(Figure 4. 5b).
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Figure 4. 5: (a) AFM height image of helical fibers prepared by the CDSA of (S-) PDCFe-b-
PDHF10[PPh3]Br in THF:iPrOH (9:11, v/v) drop cast on to a carbon-coated copper mica. Scale bar:
400 nm. Inset: cartoon of (S-) PDCFs-b-PDHF10[PPh3]Br helical fibers. Corresponding height traces
for the AFM image along (b) coronal region and (c) fiber core.

4.3.4. Seeded Growth: Living CDSA of Chiral PF Block Copolymers

Seeded growth of the phosphonium-capped (S-) or (R-) PDCF-b-PDHF BCPs
was investigated in an attempt to prepare low length dispersity helical micelles.
(R-) PDCF11-b-PDHF13[PPhs]Br seed micelles (Ln = 143 nm, Lw/Ln = 1.10, where Ln
is the number-average length and Lw is the weight-average length) were prepared
by sonication of polydisperse fibers at 0 °C for 1 hin THF:iPrOH (11:9, v/v) (Figure
S4. 16a). Unimer in THF (5 mass equivalents) was added in one rapid injection at
20 °C to the seed sample (Figure S4. 16b). Some epitaxial growth was observed
resulting in longer fiber-like micelles (up to 1 um long), however a substantial
amount of small irregular aggregates were also observed similar to that detected
for the sample of the initial (R-) PDCF11-b-PDHF13[PPhs3]B polydisperse fibers
prepared at 20 °C before annealing. Seeded growth was next conducted at an
elevated temperature (40 °C) to minimize the formation of these small aggregates
but not sufficiently high enough to cause self-seeding of the pre-existing seed
micelles. No small irregular aggregates were detected in this seeded growth
experiment. Low-length dispersity micelles were obtained (Ln = 1072 nm, Lw/Ln=
1.10) however significant aggregation, branching and bundling of the fibers were
evident from TEM analysis (Figure S4. 16c). Similar limitations were also

observed for the phosphonium-capped (S-) BCP analogue. These results suggest
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that the (S-)/(R-) PDCF-b-PDHF[PPhs]Br micelles have limited colloidal stability
and the materials exhibit rapid crystallization kinetics in solvents that are poor for
PDHF. The molecular composition of the BCP material may be the origin of these
issues as the chiral PDCF block is on one end of the crystallizable PDHF block and
the phosphonium group is on the other end. The resulting micelles formed via
CDSA contain the small phosphonium group flanking the micelle core and also (S-
)/(R-) PDCF coronal chains that are fully exposed to the solvent. The solubilizing
phosphonium group may be shielded from the solvent by the (S-)/(R-) PDCF
coronal chains which therefore limits the colloidal stability of the micelles and
leads to possible aggregation between the (S-)/(R-) PDCF chains.

Living CDSA for the triblock copolymer (triBCP) (S-) PDCFes-b-PDHF10-b-
PNIPAmes was explored next (Figure 4. 6a). The substantially longer solubilizing
PNIPAm block was expected to overcome the seeded growth limitations
experienced by the (S-)/(R-) PDCF-b-PDHF[PPh3]|Br materials. Sonication of the
polydisperse fibers formed in THF:MeOH (1:1, v/v) (Figure 4. 6b)at 0 °C for 1 h
led to the formation of short seed micelles (Ln = 38 nm, Lw/Ln = 1.08) (Figure 4.
6¢). In a typical seeded growth experiment a small volume of triBCP unimer in THF
was added to the seeds in THF:MeOH (1:1, v/v) at 20 °C. The samples were
immediately stirred for 10 s before ageing at 20 °C for 24 h before TEM imaging.
Following solvent evaporation of the samples cast on to a carbon-coated copper
mesh grid the micelles initially appeared aggregated (Figure 4. 6¢, f). However, no
branched structures or irregular aggregates were observed, and the micelle
contour lengths could be easily traced. A linear dependence on the Ln and the
unimer-to-seed ratio (mMunimer/Mseed) used in the seeded growth experiment was
observed (Figure 4. 6g). Fiber lengths between 72 nm to 704 nm with low length
dispersities (Lw/Ln < 1.08) were obtained (Figure S4. 17). AFM height imaging
provided a clearer visualization of the individual fibers obtained via seeded
growth, this could be due to the different substrate (carbon-coated copper grid vs
silicon wafer) and drying process (air-drying vs drying under a N2 stream) used

for TEM and AFM imaging (Figure 4. 6d).
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Figure 4. 6: Schematic illustration of the seeded growth protocol employed to prepare low
dispersity (S-) PDCFe-b-PDHF10-b-PNIPAmss nanofibers in THF:MeOH (1:1, v/v). TEM images of
the (b) polydisperse helical fibers prepared in THF:MeOH (1:1, v/v) and (c) the seed micelles (Ln=
38 nm, Lw/Ln= 1.08) prepared by sonication of the polydisperse fibers at 0 °C for 1 h. The unimer
was added as a solution in THF. AFM and TEM images of nanofibers of controlled length prepared
by the seeded growth of (S-) PDCFes-b-PDHF10-b-PNIPAmes BCPs from seed micelles with
Munimer/ Mseed Values of (d) 4, (e) 6 and (f) 12. Scale bars: (b), (e), (f) 1 um, (c), (d) 500 nm. (g) Graph
of micelle number-average length (Ln) against unimer-to-seed ratio (Munimer/Mseed) Showing a
linear correlation.
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4.4. Summary

In this Chapter, the synthesis and solution self-assembly of (S-)/(R-) PDCF-
b-PDHF diblock and triblock copolymers is presented. These materials were
synthesized via a combination of sequential GRIM polymerization, RAFT
polymerization and click chemistry. Fiber formation was observed in mixed
solvent systems containing common solvent and coronal selective polar protic
solvents. Additionally, 3D spiral platelet structures were also observed from the
self-assembly of phosphonium-capped (S-) PDCF-b-PDHF BCP in THF and DMSO
solvent mixtures. We report that the fibers formed via CDSA of these materials
have a helical conformation, characterized by CD spectroscopy or AFM
microscopy. Through a seeded growth protocol, low length dispersity fibers
(Lw/Ln < 1.08) of tunable lengths for the (S-) PDCFs-b-PDHF10-b-PNIPAmss triBCP
were obtained. However, seeded growth approaches were not successful for the
preparation of uniform (S-)/(R-) PDCF-b-PDHF[PPhs]Br fibers. This observation
suggested that the small phosphonium group enabled rapid aggregation of added
unimer and the lack of a large polymeric corona prevented the formation of
uniform fibers via living CDSA.

Future work will focus on investigating the solution self-assembly of
materials with (S-) or (R-) PDCF as the core-forming block. The branched side-
chains on the fluorene repeat unit offer slower crystallization kinetics crystallinity
than that of the PDHF. This could enable the formation of helical micelles with
nematic liquid crystalline core.34 Furthermore, the helical nanofibers presented in
this report could be used as templates for the preparation of chiral hybrid
plasmonic materials via attachment of inorganic nanostructures (coated with

alkyl ligands) to the (S-)/(R-) PDCF block.35-37
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4.5. Supporting Information

4.5.1. Materials and Methods

All reagents and solvents used for polymers synthesis were of reagent
grade, and unless otherwise stated were used as received. Solvents for self-
assembly were of HPLC grade and filtered using 0.2 um syringe filters prior to use.

Nuclear magnetic resonance (NMR). TH NMR spectra were taken with a
Varian 400 MHz spectrometer or a Bruker 500 MHz spectrometer; chemical shifts
were referenced to the residual solvent peak (CHCI3 6 = 7.26 ppm).

Gel Permeation Chromatography (GPC). measurements were conducted on
Viscotek GPCmax equipped with a UV detector at 400 nm and a refractometer.
Measurements were carried out at 1.0 mL min-! with THF containing [nBu4N]Br
(0.1% w/w) as the eluent at 35 °C, results were measured against polystyrene
standards (Viscotek).

Matrix-Assisted  Laser  Desorption/lonization  Time-Of-Flight = Mass
Spectrometry (MALDI-TOF MS). Measurements were conducted on a Bruker
Ultraflex I ToF spectrometer under the reflector positive ion regime. Samples
were prepared with a 9:1 ratio of trans-2-[3-(4- tert-butylphenyl)-2-methyl-2-
propenylidene]malonitrile matrix (20 mg ml-! in THF) to polymer solution (1 mg
ml-1in THF). A5 pL of the sample was deposited onto the sample plate and dried
under ambient conditions.

Transmission Electron Microscopy (TEM). Samples were prepared by drop
casting 10 pl of the nanofiber solution onto a carbon-coated copper grid (Agar
Scientific, mesh size 200). Bright-field TEM micrographs were taken using a JEOL
JEM 1400 EX microscope operating at 120 kV, equipped with a Gatan Orius
SC1000 CCD camera. Micelle length distributions were determined using the
software program Image]J developed at US National Institute of Health. A minimum
of 200 micelles are traced to determine their contour length and histograms of the
length distributions obtained. This data allows for calculation of the number
average length (Ln), weight average length (Lw) for each sample, this is calculated
as shown below (L = length of fiber, N = number).

_ s Nilg _ Lin N;L;?
" ?:1 N; v ?:1 N; L;
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Atomic Force Microscopy (AFM). Samples were prepared by drop casting 10
ul of the nanofiber solution onto a carbon-coated mica or onto a silicon wafer.
Imaging was taken using a Bruker Multimode VIII atomic force microscope
equipped with a ScanAsyst-HR fast scanning module and a ScanAsyst-Air-HR
probe (tip radius, 2 nm), under ambient conditions utilising peal force feedback
control. Imaging was also obtained by Agilent Technologies 5500 Scanning Probe
Microscope operating by tapping-mode.

Spectroscopic Measurements. UV /vis data were obtained on a Lambda 35
Spectrometer employing glass cells (1 cm x 1 cm) from 200 to 800 nm.
Fluorescence data were obtained on a JASCO FP-6500 Spectrofluorometer using
an excitation wavelength of Aext = 380 nm. CD spectra were obtained using a JASCO
J-810 spectropolarimeter using a quartz cuvette with a 1 cm path length.

4.5.2. Synthesis of alkyne-terminated (S-) PDCF-b-PDHF and (R-) PDCF-b-
PDHF

(i) iPrMgCl. LiCl
— » B,

(ii) Ni(dppp)Cl2
(|) iPrMgCl. LiCl
Br. O'O ! (ii) Ni(dppp)Cl2 ~ Br O. MgCl
2

4 _Ni(dppp)Cl2 _ B D'O Ni(dppp)Br (i) 2
EE—— M P

(i) =—mgBr

Q@ CuBr, PDMETA
@ 40°c, 48 h in THF

Scheme S4. 1: Synthesis of charge capped chiral polyfluorene diblock copolymers e.g. (R-) PDCF-
b-PDHF[PPhs]Br. PMDETA = N,N,N’,N”,N”-pentamethyldiethylenetriamine

Alkyne-terminated (S-) PDCF-b-PDHF and (R-) PDCF-b-PDHF were
synthesized by sequential Grignard Metathesis polymerization (GRIM).38 2-
Bromo-7-iodo-9,9-bis-n-hexylfluorene and 2-Bromo-7-iodo-9,9-bis-n-(3,7-
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dimethyoctane) were synthesised according to literature procedures. 2-Bromo-7-
iodo-9,9-bis-n-hexylfluorene (479 mg, 0.89 mmol) and 2-Bromo-7-iodo-9,9-bis-n-
(3,7-dimethyoctane) fluorene (553 mg, 0.86 mmol) were separately dissolved in
10 mL of anhydrous THF. Both solutions were cooled to -20°C before 1.3 M
iPrMgClL.LiCl (1 eq.) was added dropwise then the resulting solution were left to
stir for 90 min at -78°C. The activated solution of 2-Bromo-7-iodo-9,9-bis-n-(3,7-
dimethyoctane) fluorene monomer was added in one quick injection to a solution
of Ni(dppp)Clz (24 mg, 0.044 mmol) and anhydrous THF (100 mL) at 0°C. After 20
minutes of stirring, the activated 2-bromo-7-iodo-9,9-bis-n-hexylfluorene
monomer was added to in one quick injection to the reaction mixture. After 30
mins, 0.5 M ethynylmagnesium bromide (3 mL) was added to the reaction mixture
which was then stirred for 16 h. The resultant mixture was then precipitated into
methanol, giving a yellow solid. Further purification by Soxhlet extraction in ethyl
acetate and in chloroform gave the purified polymers.

The degree of polymerisation of all (S-) PDCF and (R-) PDCF homopolymer
aliquots was calculated by MALDI-TOF MS with a 9:1 ratio of matrix to polymer
solution (0.2 mg mL-1in THF). The polydispersity (Mw/Mn) was determined by
GPC (THF containing [nBusN]Br (0.1 % w/w)).

(5-) PDCFe-b-PDHF10-yne

Alkyne-terminated (S-) PDCFe¢-b-PDHF10-yne was synthesized by an
analogous method to that mentioned above. Yield = 139 mg, 41 %. GPC of (§-)
PDCFs (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 10.3 kDa, Mw =
11.8 kDa, Mw/Mn = 1.15. GPC of (S-) PDCFs-b-PDHF10 (THF containing [nBusN]|Br
(0.1 % w/w), 1 mL min-1): Mn = 18.9 kDa, Mw = 22.6 kDa, Mw/Mn = 1.19.

(R-) PDCF11-b-PDHF13-yne

Alkyne-terminated (R-) PDCFi1-b-PDHF13-yne was synthesized by an
analogous method to that mentioned above. Yield = 155 mg, 48 %. GPC of (R-)
PDCF11 (THF containing [nBusN]|Br (0.1 % w/w), 1 mL min-1): Mn = 11.0 kDa, Mw
= 13.3 kDa, Mw/Mn = 1.21. GPC of (R-) PDCF11-b-PDHF13 (THF containing
[nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 29.1 kDa, Mw = 35.6 kDa, Mw/Mn = 1.22.
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4.5.3. Synthesis of azido-terminated PNIPAm

Azido-terminated PNIPAmes was prepared by RAFT polymerization. RAFT
CTA 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 3-azido-1-
propanol ester (39.6 mg, 0.35 mmol), N-Isopropylacrylamide (2 g, 17.67 mmol)
and AIBN (11.6 mg, 0.0071 mmol) were dissolved in 4 mL of DMF then the
resulting solution was sparged with N2 for 15 mins. The mixture was then stirred
at 70 °C for 20 h before being cooled to room temperature and diluted with THF
to quench the polymerization. The resultant mixture was then precipitated into
cold diethyl ether and purified further by repeated precipitation into cold hexanes
to afford a white solid (658 mg, yield: 33 %). GPC (THF containing [nBusN]Br (0.1
% w/w), 1 mL min-1): My = 9.8 kDa, Mw = 11. 5 kDa, Mw/Mn = 1.17.

4.5.4. Synthesis of block copolymers via CuAAC click reactions

Alkyne- and azido-terminated homopolymers and block copolymers were
coupled using copper-catalyzed azide-alkyne cycloaddition (CuAAc) click
reactions. UV traces obtained from GPC analysis display a significant shift in
molecular weight of the final m-conjugated diblock or triblock copolymer and the
alkyne-terminated m-conjugated homopolymer or diblock copolymer starting
material. High purity of the coupled block copolymer is made evident by the

presence of a single monomodal distribution in the UV trace.

(S-) PDCFe-b-PDHF10[PPhs3]Br

Alkyne-terminated (S-) PDCFs-b-PDHF10 (50 mg, 9.72 x 10-¢ mmol) and 2-
azido-2-triphenylphosphonium bromide (10 mg, 1.05 x 10> mmol) were
dissolved in THF (4 mL) and subjected to three consecutive freeze-pump-thaw
cycles. CuBr (5 mg, excess) and PMDETA (10 pl, excess) were dissolved in 1 mL
anhydrous THF then added to polymer solution. The reaction mixture was heated
to 45°C and stirred for 48 h. The polymers were then purified by passing the
reaction mixture through a basic alumina column to remove Cu/PMDETA.
Volatiles were removed in vacuo followed by washing with methanol to remove
residual 2-azido-2-triphenylphosphonium bromide. Residual alkyne-terminated
(S-) PDCFe¢-b-PDHF10 was removed by silica gel chromatography (eluent
chloroform 100 %), (S-) PDCFs-b-PDHF10[PPh3]Br was collected by using
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chloroform and methanol (9:1 v/v) as the eluent to give the product as a yellow
solid (21 mg, 42 %). GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1):
Mn =19.2 kDa, Mw = 23.3 kDa, Mw/Mn = 1.19.

(S-) PDCFé-b-PDHF10-b-PNIPAmes

Alkyne-terminated (S-) PDCFs-b-PDHF10 (60 mg, 0.011 mmol) and azido-
terminated PNIPAm (168 mg, 0.012 mmol) were dissolved in THF (4 mL) and
subjected to three consecutive freeze-pump-thaw cycles. CuBr (5 mg, excess) and
PMDETA (10 pl, excess) were dissolved in 1 mL anhydrous THF then added to
polymer solution. The reaction mixture was heated to 45 °C and stirred for 48 h.
The polymers were then purified by passing the reaction mixture through a basic
alumina column to remove Cu/PMDETA. Volatiles were removed in vacuo
followed by washing with methanol to remove residual azido-terminated
PNIPAm. Residual alkyne-terminated (S-) PDCFs-b-PDHF10 was removed by silica
gel chromatography (eluent chloroform 100 %), (S-) PDCFe-b-PDHF10-b-
PNIPAMses was collected by using chloroform and methanol (9:1 v/v) as the eluent
to give the product as a yellow solid (23 mg, 38 %). GPC (THF containing
[nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 25.1 kDa, Mw = 29.6 kDa, Mw/Mn = 1.18.

(R-) PDCF11-b-PDHF13[PPh3]Br

Alkyne-terminated (R-) PDCF11-b-PDHF13 was synthesized by an analogous
method to that described for (S-) PDCFs-b-PDHF10[PPh3]Br earlier. Yield: (22 mg,
44 %). GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mx = 30.3 kDa,
Mw = 35.9 kDa, Mw/Mn = 1.18.

(R-) PDCF11-b-PDHF13-b-PEG113

(R-) PDCF11-b-PDHF13-b-PEG113 was synthesized by an analogous method
to that used to prepare PDCFs-b-PDHF10-b-PNIPAMegs. Yield: (18 mg, 32 %). GPC
(THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 31.7 kDa, Mw = 36.7
kDa, Mw/Mn = 1.16.
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4.5.5. Supplementary Figures
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Figure S4. 1: MALDI-TOF mass spectrum of H/H-capped (S-) PDCF¢ homopolymer aliquot, M* =
2667 Da. The mass of each (S-) PDCF repeat unit is 444 g mol-1.
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Figure S4. 2: MALDI-TOF mass spectrum of H/H-capped (R-) PDCF11 homopolymer aliquot, M* =
4889 Da. The low intensity peak distribution corresponds to Br/Br-capped (R-) PDCF1u1
homopolymer. The mass of each (R-) PDCF repeat unit is 444 g mol.
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Figure S4. 3: 'H NMR spectrum of (S-) PDCFs-b-PDHF10-yne (500 MHz, CDCls). CDCls (6 = 7.26
ppm) is marked with an *.
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Figure S4. 4: 'H NMR spectrum of (R-) PDCF11-b-PDHF13-yne (500 MHz, CDCls). CDCls (8 = 7.26
ppm) is marked with an *.
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Figure S4. 5: 1H NMR spectrum of (S-) PDCFs-b-PDHF10[PPhs3]Br (500 MHz, CDCls). CDCls (6 = 7.26
ppm) is marked with an *.
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Figure S4. 6: 'H NMR spectrum of (S-) PDCF¢-b-PDHF10-b-PNIPAmss (500 MHz, CDCls).
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Figure S4. 7: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL min-1) at 35 °C of (S-) PDCF¢ homopolymer (grey trace), alkyne-terminated (S-) PDCFs-
b-PDHF10 diblock copolymer (red trace) and (S-) PDCFs-b-PDHF10[PPhs]Br (blue trace).

Normalized UV Intensity (a.u.)

1_ L]
l':'l n
= === (S-) PDCF, i
4 P 1Y
= == = (S-) PDCF,-b-PDHF10-yne NN
NI '
084----(sy PDCF-b-PDHF, -b-PNIPAm, | ! | ".: '
]
l: :‘I' '
TR
g b
0.6 4 T
ty o
1 l:l "
(] ]
|: ::l ‘l
0.4 Y
1, I '
[ b !
o R
"y :. 1 “
0.2 — dhoav Lo
L] fF '
L '
oy, ! v [}
L t' \:\" \
0 T T T T == R ——
4 6 8 0 12 14 16 18 20 22

Retention Time (min)

Figure S4. 8: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL mint) at 35 °C of (S-) PDCFs homopolymer (grey trace), alkyne-terminated (S-) PDCFs-
b-PDHF10 diblock copolymer (red trace) and (S-) PDCFes-b-PDHF10-b-PNIPAmes triblock copolymer

(blue trace).

189



Chapter 4

1.0 4 - .
-=== (R-) PDCF AN
-~ 1 ---- (R-) PDCF-b-PDHF-yne R
3 g \ '
S 08- (R-) PDCF-b-PDHF[PPh3]Br :' \ :. ]
2 RN
] h ' 1
c ' \ '
2 T
£ 061 T
> oo
2 1 ' N "
"
T ' '
0.4 i !
S . \
g Py
£ R S
o [ H
Z 02+ oo '
N ‘{ '
] "o + "‘
[ + "
I' f‘ é‘ \\
hd -
0.0 4T =
6 8 10 12 14 16 18 20 22

Retention Time (min)

Figure S4. 9: GPC traces (UV response at A = 400 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL min?) at 35 °C of (R-) PDCF11 homopolymer (grey trace), alkyne-terminated (R-)
PDCF11-b-PDHF13 diblock copolymer (red trace) and (R-) PDCF11-b-PDHF13[PPhs]Br (blue trace).

Figure S4. 10: TEM images of (S-) PDCFs-b-PDHF10[PPhs]Br samples prepared by the dropwise
addition of iPrOH to the unimer solution in THF until a final amount of (a) 45 %, (b) 50 %, (c), 55

%, (d) 60 %, (e) 65 % and (f) 70 % of iPrOH was reached. Samples were prepared at 0.1 mg mL-!
and aged for 24 h at 20 °C before imaging. Scale bars: 2 pm.
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Figure S4. 11: TEM images of (S-) PDCFe-b-PDHF10[PPhs]Br samples prepared in THF and (a) 50
% DMF, (b) 55 % DMF, (c), 60 % DMF, (d) 70 % DMF, (e) 60 % DMSO and (f) 70 % DMSO. Samples
were heated to 140 °C for 30 min followed by slow cooling and ageing for 24 h at 20 °C before
imaging. Scale bars: 2 pm.

Figure S4.12: TEM images of (R-) PDCF11-b-PDHF13[PPh3]Br samples prepared in THF and (a) 90
% iPrOH, (b) 90 % EtOH, (c), 90 % MeOH, (d) 50 % EtOH and (e) 50 % MeOH. Scale bars: 1 um.
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Figure S4. 13: Normalized UV-Vis spectra of (a) (S-) PDCFs-b-PDHF10-b-PNIPAmss, (b) (S-) PDCFe-
b-PDHF10[PPhs]Br and (c) (R-) PDCF11-b-PDHF13[PPhs]Br in THF (grey traces) and (S-) PDCF¢-b-
PDHF10-b-PNIPAmss fibers in THF:MeOH (1:1, v/v) (yellow trace), (S-) PDCFs-b-PDHF10[PPhs]Br
fibers in THF:iPrOH (9:11, v/v) (purple trace) and (R-) PDCF11-b-PDHF13[PPhs3]Br fibers in
THF:iPrOH (11:9, v/v) (teal trace). (d) Photoluminescence spectra of (S-) PDCFe-b-PDHF10-b-
PNIPAmss fibers in THF:MeOH (1:1, v/v) (yellow trace), (S-) PDCFs-b-PDHF10[PPhs]Br fibers in
THF:iPrOH (9:11, v/v) (purple trace) and (R-) PDCF11-b-PDHF13[PPhs]Br fibers in THF:iPrOH (11:9,
v/v) (teal trace). Aex = 380 nm.

(a) SDj (b) 50:
40 40
30 ] 30 ]
— 204 — 204
3 g . ]
o 104 = 104
3 ] L
£ 04 R T 13 04 e
S -0 8 -0
20 20 4
-30 30 4
-40: 40:
T — 1 —
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelngth (nm)

Figure S4. 14: (a) CD spectra of (R-) PDCF11 unimers in THF and (b) (S-) PDCFs unimers in THF.

192



Chapter 4

g —— CD of Fibers
~——— Abs of Fibers

CD (mdegree)
&
1

3
1
Normalized Absorbance (a.u.)

T T T
300 400 500 600 700

Wavelength (nm)

Figure S4. 15: CD (grey trace) and absorption (yellow trace) spectra of (S-) PDCF¢-b-PDHF10-b-
PNIPAmes fibers in THF:MeOH (1:1, v/v).

Figure S4. 16: Attempted seeded growth of (R-) PDCF11-b-PDHF13[PPhs]Br in THF:iPrOH (11:9,
v/v). (a) TEM image of seed micelles prepared by sonication of polydisperse fibers at 0 °C for 1 h.
TEM image of fibers obtained by the seeded growth of (R-) PDCF11-b-PDHF13[PPhs]Br BCPs from
seed micelles with Munimer/Mseea values of 5 at (b) 20 °C and (c) 40 °C. Scale bars: 1 pm.

193



Chapter 4

(a) (b)
Ln 38 nm [ 72 nm
— 08 Lw 41 nm = 0.8 4 Lw 77 nm
= 3
o m
E, LwfLn 1.08 ‘g LufLn 1.07
§ 06 o 1 E 0.6 - a 19
g g
i afln 0.29 I afln 0.26
= =
& 04 - & 04 -
:
0.2 - 0.2
0 Ay Ty a : : | .
0 100 200 300 400 500 4] 100 200 300 400 a00
Contour Length (nm) Contour Length (nm)

14 .

() In 233nm @ In 339 nm
_ogd Lw 240 nm ~ 08 Lw 347 nm
Fi LufLn 103 i Luftn 102
= =

o
E 06 4 o 32 g 0s o 52
& ofLn 0.14 & oflLn 0.15
= =
%04 B 04
(=3 o
Z 0z Z oz
o T T T v T o T T T T T T T T T
o 100 200 300 400 500 0 100 200 300 400 500 GO0 YOO BOO 900 1000
Cantour Length {nm Contour Length (nm)
9 =
e
(e) Ln 704 nm
08 L 722 nm
F LufLn 1.03
&
§ 05 - a 112
g afln 0.16
=
LR
E
&
=024
o T T

T T T T T
o 200 400 =3ili] anh 1000 1200 1400 1600
Contour Length inm)

Figure S4. 17: Contour length distributions of (a) (S-) PDCFs-b-PDHF10-b-PNIPAmes seed micelles
(Ln= 38 nm, Lw/Ln= 1.08) and nanofibers of controlled length prepared by the seeded growth of
(S-) PDCFs-b-PDHF10-b-PNIPAmss BCPs from seed micelles with munimer/Mseed values of (b) 1, (c) 4,
(d) 6, and (e) 12.
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Chapter 5
5.1. Abstract

Herein, the preparation of amphiphilic poly(di-n-hexylfluorene) (PDHF)
homopolymers with a charged phosphonium terminal group, and investigations
into the solution self-assembly behaviour of these materials are presented.
Crystallization-driven  self-assembly  (CDSA) of charge-capped PDHF
homopolymers led to the formation of either one-dimensional (1D) or two-
dimensional (2D) morphologies depending on the self-assembly protocol.
Specifically, fiber-like, tape-like, and platelet micelle morphologies are all
accessible by careful choice of the selective solvent, the common solvent to
selective solvent ratio, and the temperature. Self-assembly in solvent systems with
large volume fractions of polar aprotic solvent selective for the charged
phosphonium group exclusively yielded 2D platelet micelles, whereas 1D fiber-
like micelle formation occurs in solvent systems rich in common solvent. Seeded
growth from 1D or 2D seed micelles in fiber- or platelet-forming solvent systems
led to the formation of low dispersity, high aspect-ratio micelles. Scarf-like
micelles with tassels of controlled length were prepared through the seeded
growth of PDHF-based BCP unimers from seeds composed of phosphonium

capped-PDHF.
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5.2. Introduction

Functional nanoparticles formed through the self-assembly of m-
conjugated polymers are highly desirable for a broad range of applications
including electronics, biomedical imaging and therapy, sensing and
photocatalysis.l-> Most reports have focussed on spherical conjugated polymer
nanoparticles synthesized via reprecipitation, polymer emulsification, and mini-
emulsion polymerization techniques.®-8 However, one-dimensional (1D)
nanowire and two-dimensional (2D) nanosheet architectures are highly desirable
for use as active materials in electronic devices.34° Block copolymer (BCP) self-
assembly in solution offers a versatile platform for the fabrication a variety of
functional core-shell nanostructures with different morphologies.1911 Although
many complex morphologies can be prepared, spherical micelles are the most
accessible. For BCPs with amorphous core-forming blocks only a narrow range of
conditions can afford morphologically pure micelles with low curvature at the
core-corona interface.12

In solution, crystallization-driven self-assembly (CDSA) of BCPs with a
crystallizable core-forming block can exclusively yield either 1D fiber-like
micelles or 2D platelets depending on the block ratio, solvent, temperature,
additives and corona-forming block.13-1> Homogenous nucleation of BCPs in a
solvent selective for a corona-forming block occurs randomly to afford kinetically
trapped fiber-like micelles or platelets of varied length and area, respectively.
Metallopolymers, biodegradable and m-conjugated materials can generate 1D
fibers with a crystalline core via this method.’>-17 Addition of solvated BCP
(unimer) to 1D crystalline core seed micelles, produced by the sonication of
polydisperse fibers formed by CDSA, results in bidirectional epitaxial growth from
the exposed crystal faces on the fiber termini. This seeded growth process is
termed ‘living’ CDSA and is analogous to a living covalent polymerization. The
fiber termini remain active to the epitaxial growth of added unimer.

For PFS-based materials, 2D rectangular platelets can be obtained through
the seeded growth of a 1:1 blend of PFS-based BCP and PFS homopolymer from a
1D cylindrical micelle seed.1® Additionally, the heteroepitaxial growth of a 1:1
blend of poly(ferrocenyldimethylgermane)-based BCP and homopolymer from 2D

rectangular PFS platelets can yield segmented platelets.1® Recently, we have

200



Chapter 5

shown that charged phosphonium or ammonium groups can be used instead of
corona-forming polymer blocks to stabilize the crystalline micelle cores. Charged
PFS- and poly(i-lactide) (PLLA)-based materials produced various 2D platelet
morphologies, including rectangular, diamond-like, hexagonal shapes, via seeded
growth strategies.20-22 [n contrast to these systems, low dispersity 1D fiber-like
micelles are formed through the ‘living’ CDSA of phosphonium-capped
poly(fluorene trimethyl carbonate) (PFTMC) or poly(3-hexylthiophene) (P3HT)
homopolymers.23.24

BCPs with a crystallizable m-conjugated polymer core-forming block are of
particular interest in the preparation of 1D nanowires and 2D crystalline lamellae
for potential electronic applications. Recently, the ‘living’ CDSA method has been
applied to a wide-range of m-conjugated core-forming blocks such as
polythiophenes,25-27 poly(p-phenylenevinylene) (PPV),28-31
poly(cyclopentenylene-vinylene)32, polyselenophene3? and polytellurophene34.
‘Living’ CDSA has also allowed the preparation of low dispersity 1D nanowires
with a photoluminescent crystalline poly(di-n-hexylfluorene) (PDHF) core (see
Chapters 2-4).3536 Different types of nanowire-based heterojunctions can be
prepared using the PDHF crystalline core as a donor, and incorporating either
amorphous or crystalline acceptor polythiophene regions (see Chapter 2).3536 The
epitaxial growth process enables the formation of a fiber core with near single
crystal-like order that allows access to exceptionally long exciton diffusion lengths
(> 200 nm).35 Recently, the self-assembly of m-conjugated BCPs with high core-to-
corona block ratios (<1:2) has been investigated.2?37 2D square or rectangular
platelets were prepared via the self-assembly of PPV and P3HT-based BCPs,
respectively. The size and/or aspect ratio of these platelets could be tuned by
changing the concentration and the ratio of the polymer blocks.

In Chapters 2-4, studies of the self-assembly of different PDHF-based BCPs
were presented that showed 1D fiber-like micelles can be readily prepared
through CDSA protocols. We have also demonstrated that for the 1D fibers
epitaxial growth occurs in the plane commensurate with -t stacking between the
conjugated backbones of different PDHF chains.353¢ In this Chapter, investigations
into the solution self-assembly behaviour of PDHF homopolymers with a charged

phosphonium terminal group are presented. We postulated that the absence of a
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large polymeric corona-forming block may facilitate lateral epitaxial growth to
yield 2D platelet morphologies rather than fiber-like micelles with a PDHF core.
In addition, for the charge-capped PDHF materials, attempts made to control

micelle morphology and dimensions via ‘living’ CDSA protocols are discussed.
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5.3. Results and Discussion

5.3.1. Synthesis and Characterisation of PDHF Block Copolymers with
Charged Terminal Groups

In previous work, the CDSA behavior of PDHF BCPs with polymeric corona
forming blocks, such as poly(ethylene glycol) (PEG) and poly(2-vinylpyridine)
(P2VP), was investigated. Highly ordered crystalline nanofibers were prepared
where the fiber width corresponds to the extended chain length of the PDHF block,
the fiber height is composed of a few layers of PDHF chains (ca. 4) with
interdigitated side chains and the fiber long axis corresponds to the -1 stacking
direction. Control over fiber length was achieved by using the living CDSA seeded
growth method, whereby epitaxial growth of unimer from pre-existing seeds
occurs only from the faces associated with the m-m stacking direction. Promoting
extensive growth in the direction associated with side-chain interactions to yield
2D assemblies has not been achieved with these materials.

The use of charged terminal groups instead of large polymeric corona-
forming blocks has been shown to be successful for promoting 2D growth in PFS-
and PLLA-based systems.20-22 For these materials the charged terminal groups are
phosphonium or ammonium species that allow for CDSA to occur in polar solvent
mixtures to afford colloidally-stable 2D micelles. Structural characterization has
demonstrated that the charged species are distributed on the two largest faces of
the resulting platelets. Following on from this work, herein we investigate the self-
assembly behavior of PDHF-based homopolymers with charged termini
consisting of phosphonium groups in an effort to promote epitaxial growth in the
direction of side-chain interactions and subsequently to prepare 2D micelle
morphologies. Alkyne-terminated PDHF homopolymers were synthesized by
Grignard metathesis polymerization and purified by Soxhlet extraction to give low
dispersity products (Pm < 1.18) (Figure S5. 3 and Figure S5. 4). Employing a copper
azide-alkyne cycloaddition (CuAAc) click reaction with the alkyne-terminated
PDHF polymers and (3-azidopropyl)triphenyl phosphonium bromide (Figure S5.
1) afforded the charge-capped polymers which were subsequently purified by
silica gel chromatography to give well-defined materials with Pm < 1.15 (Figure 5.

1, Figure S5. 3 and Table 5. 1).
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Figure 5. 1: Chemical structures of the polymers used in this investigation. PDHFg[PPhs]Br,
PDHF27[PPhs]Br, PDHF14-b-PEG227 and PDHF17-b-P2VP2so0.

Table 5. 1: Characterization data for the polymers used in this study.

Material Composition 2P M (kDa) © My (kDa) © Dm ¢
PDHFg2 5.8 6.8 1.17
PDHF272 23.2 26.5 1.14

PDHFs[PPhs]Br 6.1 7.0 1.14
PDHF27[PPhs]Br 229 25.6 1.12
PDHF14-b-PEGz227 ® 29.3 32.4 1.11
PDHF17-b-P2VP2s50 14.7 18.3 1.24

Degree of polymerization determined by @ MALDI-ToF and » 1H NMR. Number-average molecular
weight (Mn), weight-average molecular weight (Mw) and molecular mass dispersity (Pm = Mw/Mhn)
values determined by ¢ GPC (THF containing [nBusN]Br (0.1% w/w)) calibrated against
polystyrene standards.

5.3.2. Self-assembly of PDHF[PPhs]Br

The solution self-assembly of PDHF27[PPh3]Br was investigated in mixed
solvent systems composed of tetrahydrofuran (THF, common solvent for the
PDHF block and the phosphonium end-group) and different polar solvents that
are all poor for the PDHF block and may subsequently facilitate crystallization
(Table S5. 1). Only small irregular aggregates (<20 nm) were observed in all
solvent systems apart from in THF:DMSO mixtures. Heating a suspension of
PDHF27[PPhs3]Br polymer in THF:DMSO mixtures to 140 °C for 30 min, followed
by slow cooling to 20 °C afforded 2D ribbon-like or platelet micelles by TEM
(Figure S5. 5a-c). However, the 2D platelets formed through the self-assembly of
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PDHF27[PPhs]Br possessed limited colloidal stability and the micelle dimensions
were limited to below 1 pm in length and 500 nm in width (Figure S5. 53, c). This
suggests that the degree of polymerization of PDHF is too large resulting in rapid
self-nucleation in solution. The small phosphonium groups are appear unable to
provide sufficient colloidal stability to the resulting micelles in this case leading to
aggregation and precipitation over time (Figure S5. 5d).

Next, we explored whether the use of a shorter PDHF block would facilitate
the preparation of colloidally stable micelles. The solution self-assembly of
PDHFs[PPhs]Br was investigated in mixed solvent systems with different ratios of
THF (common solvent) to polar solvent. In a typical self-assembly experiment,
polar solvent was added dropwise to a solution of PDHFg[PPhs]Br in THF at 20 °C
until a polymer concentration of 0.2 mg mL?! was reached (Figure 5. 2a).
Additionally, a direct dissolution method was also investigated in which a 0.2 mg
mL-1 suspension of PDHFs[PPhs3]Br in a mixture of common solvent and poor
solvent for the PDHF-core block was heated for 30 min to a temperature just
below the boiling point of the solvent mixture before slow cooling (ca. 1 °C min-1)
to 20 °C. All samples were aged for 24 h at 20 °C before analysis by TEM after

solvent evaporation.
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Figure 5. 2: (a) Schematic illustration of the preparation of fiber-like micelles from CDSA of
PDHF[PPhs]Br via poor solvent addition. Self-assembly of PDHFs[PPhs]Br in (b) THF:MeOH (1:1),
(c) THF:EtOH (1:1), (d) THF:iPrOH (1:1), (¢) THF:MeOH (2:3), (f) THF:EtOH (2:3) and (g)
THF:iPrOH (9:11). Scale bars: 4 pm.
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For the method involving dropwise addition of a poor solvent for PDHF,
TEM analysis of samples showed that small spherical micelles (ca. < 20 nm) and
irregular ribbon-like micelles (length < 2.5 um, Wh =101 nm, Wn/Ww = 1.04, where
Wh is the number-average width and Ww is the weight-average width) were
formed in THF:MeOH mixtures (Figure 5. 2b, e). In THF:MeCN mixtures, very long
(length ca. > 15 pm, Wh = 49 nm, Wh/Ww = 1.09) ribbon-like micelles were
observed (Figure S5. 6). A mixture of very long (length ca. > 15 um) ribbon-like
micelles (Wh = 43 nm) and fiber-like micelles (Wh = 21 nm) were observed in
THF:EtOH mixtures (Wn = 26 nm, Wn/Ww = 1.16) (Figure 5. 2c, f). Exclusive
formation of fiber-like micelles (Wn = 11 nm, Wn/Ww = 1.03) was observed in
THF:iPrOH (9:11, v/v) (Figure 5. 2d, g). For all self-assembly experiments in
higher contents of polar alcohol solvent (> 60 %), irregular aggregates or fibrous
bundles were observed. There was no direct correlation between the difference in
solubility parameters of PDHF and the poor solvent, with the widths of the 1D
micelles obtained (Table S5. 1). Wider 1D micelles were prepared in
THF:MeOH/MeCN mixtures than in THF:EtOH/iPrOH mixtures (Figure S5. 7).

For the THF:iPrOH systems, the direct dissolution method was also
attempted to see the influence of employing a heating and slow cooling treatment
on the self-assembly of PDHFs[PPhs]Br. These mixtures were heated to 70 °C for
30 min then slowly cooled to 20 °C and aged for 24 h before analysis by TEM
(Figure S5. 8). However, large bundles and clusters of ribbon-like micelles were
observed from the direct dissolution method. Fiber-like micelles with uniform
fiber core widths (Wh = 11 nm, Wn/Ww = 1.03), prepared by addition of iPrOH at
20 °C to a solution of PDHFs[PPh3]Br in THF, are more suitable for seeded growth
experiments (vide infra).

In the next series of experiments self-assembly of PDHFs[PPhs]Br in
solvent mixtures containing a polar aprotic solvent (DMSO) was investigated.
Dropwise addition of DMSO to a solution of unimers in THF resulted in either
precipitation of the polymer or rapid aggregation into large clusters of aggregates.
However, colloidally stable micelles could be prepared by heating a suspension of
polymer in THF:DMSO mixtures to 140 °C for 30 min, followed by slow cooling to
20 °C (Figure 5. 3a). After ageing for 24 h, TEM analysis revealed the presence of

206



Chapter 5

different micelle morphologies. At high contents (= 45 %) of good solvent for the
PDHF-core, bundles of ribbon-like and fiber-like micelles (widths < 600 nm) were
formed (Figure 5. 3b, c). Using lower contents (0-35 %) of good solvent for the
PDHF-core led to the formation of platelets with a lower aspect-ratio and
substantially larger widths (up to ca. 3 um) (Figure 5. 3d-g).

{a)

140°C, 30 min

PDHF5[PPh;]Br Unimers Polydisperse Micelles

() w T 65%DMSO

(b)
Width < 600 nm

\ 539 BMso

(<)

65%DMs0  (g) 75 % DMSO

Length = 1.0.7um Width = 1.1 um

Length = 10.9 um

Figure 5. 3: Ribbon-like micelles and rectangular platelet micelles from CDSA of PDHF[PPhs]Br.
Self-assembly of PDHFs[PPhs]Br in (a)-(b) THF:DMSO (9:11), (c)-(e) THF:DMSO (7:13) and (f)
THF:DMSO (1:3). Scale bars: 5 um.

A mixture of fiber-like micelles and platelets were observed from the self-
assembly of PDHFs[PPhs]Br in THF:DMSO (2:3, v/v), prepared via heating the
polymer suspension to 140 °C for 30 min in air, followed by slow cooling to 20 °C
and ageing for 24 h (Figure 5. 4c). From this sample the dimensions of the fiber-
like micelles and platelets can be analyzed and compared by TEM and atomic force
microscopy (AFM) (Figure 5. 4c and d). We have previously shown that the
crystalline cores of nanofibers prepared by the CDSA of PDHF-based BCPs are
composed of one plane (001) commensurate with the degree of polymerization of
the PDHF block.35>3¢ In micelles prepared by the CDSA of PDHFs[PPhs]Br, this
plane should equate to the fully extended chain conformation of PDHFs. The

207



Chapter 5

repeat unit length for PDHF is 0.89 nm, a fully extended PDHFs chain should
equate to 7.12 nm.3>36 We have also shown that m-mt stacking interactions between
the conjugated polymer chains is commensurate with the largest plane (010) of
the self-nucleated PDHF core micelles. The final plane (100) corresponds to layers
of PDHF chains packed via alkyl side-chain interactions.

AFM height analysis of the sample revealed that the height of the platelets
(ca. 7 nm) was found to be larger than that of the fiber-like micelles (ca. 3 nm)
(Figure 5. 4e). The observed height of the platelets is in good agreement with the
extended chain length of PDHFs (7.12 nm), whereas the platelet widths observed
are too large (ca. 250 - 400 nm) to correspond to the extended chain length of
PDHFs (Figure 5. 4b). TEM analysis of the widths of the fiber-like micelles (ca. 11
nm) is also similar to the extended chain length of PDHFs whereas the average
height of these fibers from AFM analysis is significantly smaller (ca. 3 nm) (Figure
5. 4a). A schematic illustration of the orientations of the fiber-like micelles and
platelets relative to a substrate and their chain packing are depicted in Figure
5.5a-b.
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Figure 5. 4: Schematic representation of the different orientations of (a) fiber-like and (b) platelets
PDHF micelles relative to a substrate. (c) TEM and (d) AFM height image of fibers and platelets
prepared by the CDSA of PDHFg[PPhs]Br in THF:DMSO (2:3, v/v) drop cast on to a carbon-coated
copper mesh grid or silicon wafer, respectively. () Corresponding height traces for the AFM image.
The platelet analyses were collected from the pink traces and the fiber analyses from the blue
traces. Scale bars: (c) 4 um and (d) 2 pm.
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Next, UV-vis and fluorescence spectroscopy measurements on the different
materials were performed. Dissolved PDHFs displays an absorption maximum
(Amax) at 380 nm in THF consistent with the absorption spectra obtained for
PDHFs[PPhs]Br (Figure S5. 9).38 Poly(di-n-alkylfluorenes) also typically display
bright blue emission in solution or in the aggregated state.3°® Normalized
fluorescence spectra for nanofibers with a crystalline PDHF core prepared by the
CDSA of PDHF-based BCPs typically display a high intensity blue lo-0 vibronic band
(Amax = 410-425 nm) (see Chapters 2-4). Fiber-like micelles formed via self-
assembly of PDHFs[PPhs3]Br in THF:iPrOH (9:11, v/v) also exhibit bright blue
emission when the PDHF core is excited at 380 nm (Figure 5. 5). However, a
significant change in the fluorescence spectrum was detected for PDHFs[PPhs]Br
platelet micelles in THF:DMSO (7:13, v/v) (Figure 5. 5). An additional broad green
emission band with defined vibronic structure was observed (Amax = 488-535 nm)
for this sample. Reports on the origin of a green emission band for different types
of polyfluorene materials suggest that oxidation of fluorene or strong aggregation
of the polymer backbone may be responsible for this phenomenon.4041

Oxidation of the fluorene units into fluorenone species could occur during
prolonged exposure to UV irradiation or thermal treatment in air. Annealing
poly(di-n-alkylfluorenes) in air at high temperatures (2150 °C) and for prolonged
amounts of time (> 2 h) have been shown to result in the formation of the green
emission band.#243 The self-assembly of PDHFs[PPhs]Br into platelet micelles in
THF:DMSO (7:13, v/v) was achieved by heating the polymer suspension to 140 °C
for 30 min in air followed by slow cooling to 20 °C and ageing for 24 h. Heating the
sample for this shorter period and at a lower temperature should not result in
oxidation of polyfluorene. Additionally, the absence of a broad absorption peak at
458 nm (Amax) in the UV-vis spectrum of the 2D platelet sample, associated with
the n-m* transition of the fluorenone unit,#! suggests that no significant oxidation
has occurred (Figure 5. 5a). Another possible explanation for this observation
could be due to the increased aggregation of the polyfluorene chains via side-chain
interactions. The cores of the 2D platelets formed via CDSA of PDHFs[PPhs]Br
exhibit increased alkyl side-chain packing compared to the 1D fibers prepared by
CDSA. This might affect the ordering of the polymer backbone which could also be
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the origin of the blue-shifted UV-vis absorption maximum observed for the 2D
platelets (Amax= 350 nm) versus the 1D fibers (Amax= 370 nm) in THF:iPrOH (9:11,
v/v) (Figure 5. 5a).
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Figure 5. 5: Normalized (a) UV-Vis and (b) photoluminescence spectra of PDHFg[PPhs]Br fibers in
THF:iPrOH (9:11, v/v) (blue traces), seeds prepared by the sonication of fibers at 20 °C in
THF:iPrOH (9:11, v/v) (grey traces), platelets in THF:DMSO (7:13, v/v) (pink traces). Aex = 380 nm.
Inset: Photograph of PDHFs[PPhs]Br fibers in THF:iPrOH (9:11, v/v) (left), seeds in THF:iPrOH
(9:11, v/v) (middle) and platelets in THF:DMSO (7:13, v/v) (right) under UV light (365 nm).

5.3.3. 1D Seeded growth of PDHFs[PPhs3]Br, PDHF14-b-PEG227, and PDHF17-b-
P2VP250 unimers from PDHFs[PPh3]Br seeds

As shown in Chapters 2-4, seeded growth protocols can be used to prepare
low dispersity fiber-like micelles of tunable length from the living CDSA of PDHF-
based BCPs. Typically, a sample of polydisperse fiber-like micelles, formed via
CDSA of a PDHF-based BCP, is subjected to a short period of vigorous sonication.
This yields short micelle fragments of low length dispersity (Lw/Ln < 1.2, where Ln
is the number-average length and Lw is the weight-average length). On addition of
solvated BCP unimer, these fragments (seeds) undergo further epitaxial growth
from the terminal crystal faces. Altering the ratio of unimers to seeds allows for
the preparation of a range of low dispersity fiber-like micelles with different
lengths.

In this Chapter, we aimed to apply this methodology to phosphonium-
capped PDHF materials. Polydisperse fiber-like micelles prepared through the
self-nucleation of PDHFs[PPh3]Br polymer in THF:iPrOH (9:11, v/v) (Figure 5. 2g)
were subjected to vigorous sonication for 1 h at 0 °C. The sample was then aged
for 24 h at 20 °C before analysis by TEM. Shorter, low dispersity 1D micelles (Ln =
391 nm, Lw/Ln = 1.05) were prepared by this method (Figure S5. 10c).

Interestingly, an increase in width and width dispersity was observed for the
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micelle fragments (Wn = 31 nm, Wn/Ww = 1.16) obtained after sonication
compared to the initial polydisperse 1D micelles (Wn = 11 nm, Wn/Ww = 1.03)
(Figure S5. 10b, d). Sonication was also conducted at 20 °C however an increase in
micelle width was still observed. This suggests that sonication is responsible for
the increase in micelle width and not the cooling of the sample (from 20 °C to 0°
C). On annealing at 70 °C (Figure S5. 8) or subjecting to ultrasonication (Figure S5.
10c), some of the fiber-like micelles formed by CDSA at 20 °C appear to bundle or
fuse together. Moreover, the fluorescence spectrum of the seed micelles shows the
presence of an emission band at 500 - 600 nm, which is absent in the fluorescence
spectrum of the initial polydisperse fibers and similar to that of the platelets
prepared in THF:DMSO (7:13, v/v) (Figure 5. 5b, Figure S5. 10). The seed micelles
were not prepared in DMSO solvent mixtures and the sample was not subjected to
a temperature above 30 °C. This suggests that that the emission band at 500 - 600
nm is not caused by oxidation and increased side-chain stacking (as expected as a
result of a larger Wh value) is more likely as an alternative explanation of the lower
energy emission band. The green emission band has a considerably smaller
contribution in the fluorescence spectrum of the seed micelles than in the
fluorescence spectrum of the platelets (Figure 5. 5b). The width distribution of the
seed sample (Wn = 31, Wh/Ww = 1.16) (Figure S5. 10d) shows that there is a
significant number of fiber-like micelles with small widths (< 30 nm) but the
population of micelles with larger widths (up to ca. 90 nm) are more likely
responsible for the small green emission band observed in the fluorescence
spectrum.

Nevertheless, seeded growth of PDHFs[PPhs3]Br unimers from seed
micelles (Ln = 195 nm, Lw/Ln = 1.04) in THF:iPrOH (9:11, v/v) prepared via
sonication at 20 °C for 2 h was carried out (Figure 5. 6a-c). Despite the presence
of some wider seed micelles, epitaxial growth of the added unimer (4 equivalents
of unimer to seeds) occurred uniformly and preferentially in the m-m stacking
direction resulting in low dispersity 1D ribbon-like micelles (Ln = 899 nm, Lw/Ln =
1.01) (Figure 5. 6d-e). The obtained micelle length was lower than the theoretical
micelle length expected for this seeded growth experiment (ca. 975 nm). This may
be the result of a small percentage of added unimer undergoing epitaxial growth

from the lateral faces of the micelles.
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Figure 5. 6: Schematic illustration of the seeded growth protocol employed to prepare low
dispersity PDHFs[PPh3]Br 1D micelles in THF:iPrOH (9:11, v/v). The unimer was added as a
solution in THF. (b) TEM images of PDHFs[PPhs]Br seed micelles (Ln= 195 nm, Lw/Ln= 1.04) and
(c) corresponding histogram of the contour length distribution. (d) TEM image of low dispersity
1D micelles (Ln= 899 nm, Lw/Ln= 1.01) prepared by the seeded growth of PDHFs[PPhs]Br unimer
from seed micelles (Ln= 195 nm, Lw/Ln= 1.04) with a Munimer/Mseed Value of 4 and (e) corresponding
histogram of the contour length distribution. Scale bars: 1 um.

Next, we explored the formation of segmented micelles from the seeded
growth of PDHF-based BCP unimers from PDHFs[PPhs]Br seed micelles (Figure 5.
7a).In a typical experiment, either PDHF14-b-PEG227 or PDHF17-b-P2VP250 unimers
in THF were added in one quick injection to a dilute solution of PDHFs[PPhs]Br
seed micelles and the sample was aged at 30 °C for 24 h before analysis by TEM.
‘Living’ CDSA of PDHF14-b-PEG227 or PDHF17-b-P2VP2s50 materials has been
achieved in THF:MeOH (1:1, v/v) or THF:EtOH (1:1, v/v) solvent mixtures (see
Chapters 2 and 3). However, PDHFs[PPhs3]|Br micelles appear to the most
colloidally stable in THF:iPrOH mixtures. ‘Living’ CDSA was attempted in all of
these solvent mixtures to determine the optimal conditions required to facilitate

epitaxial growth of the BCP unimers from PDHFs[PPhs]Br seeds. For the seeded
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growth experiments, PDHFs[PPhs]Br seed micelles (Ln = 97 nm, Lw/Ln = 1.13)
prepared in THF:iPrOH (9:11, v/v) were first diluted in THF:MeOH/EtOH/iPrOH
(1:1, v/v) solvent mixtures (Figure S5. 12a).

The seeded growth of PDHF14-b-PEG227 BCP from PDHFs[PPhs]Br seeds
will be discussed first. Multiple 1D fibers, composed of PDHF14-b-PEGz227 BCP, were
nucleated from the PDHFs[PPh3]Br seed micelles in all solvent mixtures. Using a
unimer to seed ratio of 10, the seeded growth of PDHF14-b-PEG227 resulted in the
formation of low-dispersity (Lw/Ln < 1.05) fiber arms from the PDHFs[PPh3]Br
seeds. In THF:MeOH/EtOH mixtures, aggregation of the central PDHFs[PPh3]Br
seeds was observed resulting in branched micelles with fiber arms of low length
dispersity (Figure S5. 11). Individual scarf-like micelles were observed in
THF:iPrOH (1:1, v/v), characterized by a wider central segment and narrower
fiber arms (tassels) grown exclusively in one dimension (Figure 5. 7b). Although
the PDHFs[PPhs]Br seeds aggregate in THF:MeOH (1:1, v/v), seeded growth of
PDHF14-b-PEGz227 resulted in branched supermicelles with low dispersity fiber
arms using a unimer-to-seed ratio of 5 (Ln = 471 nm, Lw/Ln = 1.03) and 10 (Ln =
944 nm, Lw/Ln = 1.02) (Figure S5. 12b-c and Figure S5. 13a-b). PDHFs[PPhs]Br
seeds are better dispersed in THF:iPrOH (1:1, v/v) and epitaxial growth of added
PDHF14-b-PEG227 unimer yielded multiple low dispersity fiber arms (Figure S5.
12d-e and Figure S5. 13c-d). However, the tassel lengths obtained from the seeded
growth experiments using a unimer-to-seed ratio of 5 (Ln = 539 nm, Lw/Ln = 1.05)
and 10 (Ln = 644 nm, Lw/Ln = 1.04) were not significantly different. TEM analysis
detected the presence of films that can be attributed to residual unimer
aggregation, this suggests that THF:iPrOH solvent mixture is not sufficiently polar

to enable complete consumption of unimer via seeded growth (Figure S5. 14).
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Figure 5. 7: (a) Schematic illustration of the seeded growth of PDHF14-b-PEG227 or PDHF17-b-
P2VP250 unimers from PDHFs[PPhs]Br seeds. TEM images of branched scarf-like micelles prepared
by the seeded growth of (b) PDHFi14-b-PEG227 or (c) PDHFi7-b-P2VP2s0 unimers from
PDHFs[PPhs]Br seeds (Ln= 97 nm, Lw/Ln= 1.13) with @ Munimer/Mseed value of (b) 10 or (c) 20 in (b)
THF:iPrOH (1:1, v/v) or (c) THF:EtOH (1:1, v/v). Scale bars: 2 um, inset scale bars: 1 uym. A =
PDHFg[PPh3]Br, B = PDHF14-b-PEG227and C = PDHF17-b-P2VP2so.

Furthermore, the addition of PDHF17-b-P2VP250 BCP unimers to
PDHFs[PPhs]Br seeds also resulted in the formation of branched scarf-like
micelles in THF:EtOH (1:1, v/v) (Figure 5. 7c). The tassel lengths of these scarf-
like micelles, composed of PDHF17-b-P2VP2s50 BCP, were found to be linearly
dependent on the unimer-to-seed ratio (Figure 5. 8f). Using unimer-to-seed ratios
of 10. 20, 30 and 40, resulted in scarf-like micelles with tassel lengths from 362
nm to 1031 nm with low length dispersities (Lw/Ln < 1.05) (Figure 5. 8 and Figure
S5.15). From these studies we have shown that PDHFs[PPhs]Br seeds can be used
to nucleate several fiber arms in the presence of added BCP unimer which leads to
the formation of branched scarf-like micelles. The length of the fiber arms can be
tuned, however the number of arms from each seed micelle varies and is
dependent on the width of the seed. Obtaining seeds with monodisperse widths
will be essential for controlling the number of fiber arms in these scarf-like
micelles. Future work will focus on optimizing the self-assembly conditions to

afford scarf-like micelles with a defined number of tassels.
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Figure 5. 8: (a) Schematic illustration of the seeded growth of PDHF17-b-P2VP250 unimers from
PDHFs[PPhs]Br seeds TEM images of branched scarf-like micelles prepared by the seeded growth
of PDHF17-b-P2VP250 unimers from PDHFg[PPhs3]Br seeds (Ln= 97 nm, Lw/Ls,= 1.13) with a
Munimer/ Mseed Value of (b) 0, (c) 10, (d) 20, (e) 30, and (f) 40 in THF:EtOH (1:1, v/v). Scale bars: (b)-
(e) 2 pm and (f) 1 pm, inset scale bars: 1 um. (g) A plot showing the dependence of fiber tassel
length on the unimer-to-seed mass ratio.

5.3.4. Attempted 2D Seeded Growth of PDHFs[PPhs]Br

Low dispersity 2D morphologies such as rectangular, diamond-like and
hexagonal platelets can be prepared by the seeded growth of charge-capped PFS
or PLLA homopolymer from 1D fiber-like or 2D platelet seed micelles.20-22 We
therefore attempted to use ‘living’ CDSA to afford low dispersity platelets with low
aspect ratio composed of phosphonium-capped PDHF homopolymer. In section
5.3.2, we have shown that polydisperse 2D platelet micelles can be prepared by
the self-nucleation of PDHFs[PPhs]Br polymer in THF:DMSO mixtures. Seeded
growth experiments for the formation of low dispersity platelets were therefore
conducted in THF:DMSO mixtures in an effort to promote 2D epitaxial growth
from seed micelles.

Seeded growth was first attempted from seeds prepared by the sonication

of polydisperse 2D platelet micelles, formed in THF:DMSO (7:13, v/v), at 20 °C for
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1 h. Fragmented 2D seed micelles were obtained with low length dispersity (Ln =
150 nm, Lw/Ln = 1.13) and an area dispersity of 1.50 (4n = 8.3 x 10-3 nm2, Aw/An =
1.50, where An is the number average area and Aw is the weight average area)
(Figure S5. 16). Similar area dispersities have been observed for 2D seed micelles
prepared by the sonication of PFS- based platelets.20 The broader dispersity
obtained for these 2D seeds versus those typically obtained for 1D seeds may be
the result of fragmentation occurring along two dimensions. In THF:DMSO
mixtures, PDHFs[PPhs]Br homopolymer precipitates rapidly at ambient
temperatures, so seeded growth experiments were conducted at an elevated
temperature to suppress the self-nucleation of added unimer. At 80 °C, 2D seeds
remain stable and no significant change in area or length dispersity was detected.
An aliquot of dissolved PDHFs[PPh3]Br homopolymer in THF was added to the 2D
seeds in THF:DMSO (7:13, v/v) at 80 °C and incubated at this temperature for 30
mins before slow cooling to 20 °C. High aspect ratio ribbon-like micelles with a
narrower area dispersity compared to that of the seeds were prepared using a
unimer-to-seed ratio of 5 (4n = 47.8 x 10-3 nm?, Aw/An = 1.36) (Figure S5. 17).
Comparing the L, and Wh of the seeds (Ln = 150 nm, Wh = 52 nm) to that of the
micelles obtained in the seeded growth experiment (Ln = 665 nm, Wh = 68 nm)
suggest that epitaxial growth mainly occurred in the -t stacking direction.

Next we explored the use of low length dispersity 1D seeds for the seeded
growth of PDHFs[PPhs]Br in THF:DMSO mixtures. 1D seed micelles (Ln = 195 nm,
Lw/Ln = 1.04) prepared in THF:iPrOH (9:11, v/v) were diluted with THF:DMSO
(7:13, v/v). The resulting seed sample was heated to 80 °C, 10 equivalents of
PDHFs[PPhs]Br unimers was then added and the sample was incubated at this
temperature for 30 mins before slow cooling to 20 °C. Epitaxial growth mainly
occurred in the m-m stacking direction as the Ln increased significantly from 195
to 2034 nm but the Wh did not increase substantially (31 nm to 85 nm) (Figure S5.
18). Further attempts at preparing low dispersity 2D platelets involved using
higher contents of DMSO (up to 90 %) and/or adding unimers at different
temperatures (70 and 100 °C) and ageing at 50 °C for 4 h before slowly cooling to
20 °C. These approaches resulted in the formation of some low dispersity platelet
morphologies but also a significant amount of self-nucleated micelles (long

polydisperse ribbons) or small irregular aggregates formed through rapid
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precipitation of added unimer (Figure S5. 19). From these results, temperature
and DMSO content appear to heavily influence the formation of 2D platelets. These
conditions need to be optimized further for the realization of pure low dispersity

2D platelets by the seeded growth of charge-capped polyfluorene homopolymers.
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5.4. Summary

In this Chapter, we have shown that through the self-assembly of
phosphonium-capped PDHF homopolymer a variety of micelle morphologies can
be prepared, including fibers, ribbons and platelets. Previously, the self-assembly
of crystallizable charge-capped homopolymers has been shown to preferentially
form either 2D platelets, in the case of PFS and PLLA materials, or 1D fibers, in the
case of PFTMC and P3HT materials. 20-24 [n this work we show that the solution
self-assembly of charge-capped PDHF in different solvent systems can yield either
1D or 2D micelles. ‘Living’ CDSA has been achieved to prepare low dispersity 1D
micelles from PDHFs[PPhs3]|Br seeds via epitaxial growth of added unimer
predominantly in the m-m stacking direction. We have also shown that seeded
growth of different PDHF-based BCP unimers from PDHFs[PPhs]Br seeds presents
an efficient route towards the formation of branched scarf-like micelles with
tunable tassel lengths.

Fluorescence spectroscopy revealed that the 2D platelet micelles
possessed an additional green emission band unlike the fiber-like micelles formed
by self-nucleation of PDHFs[PPhs]Br. This suggests that the crystal lattice in the
PDHF micelle cores of 1D and 2D morphologies may differ. Ongoing work focusses
on identifying the origin of this green emission band by verifying whether
oxidation of the fluorene units may have occurred or whether there is a difference
in the crystalline structure of the 1D versus 2D micelle cores. Single area electron
diffraction studies are underway to elucidate the crystal structures in the scarf-
like micelles composed of a central 2D segment and 1D fiber arms. Furthermore,
future work will also focus on developing a methodology to control the number of
fiber arms nucleated from the PDHFs[PPhs3]Br seeds via optimization of the seed
width dispersities and tuning the concentrations used in the seeded growth
experiments.

Attempts at preparing lower aspect ratio platelets via 2D seeded growth
were unsuccessful. Using solvent systems that favoured the formation of 2D
structures through self-nucleation of PDHFs[PPh3]Br and using either high aspect
ratio 1D seeds or short 2D seeds resulted in the formation of low dispersity 1D
ribbon-like micelles. This suggests that epitaxial growth in the direction of m-n

stacking interactions occurs on a much faster timescale than growth in the alkyl
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chain stacking direction. To promote epitaxial growth in these two dimensions,
future work will focus on optimizing the incubation temperature and solvent
conditions used for the seeded growth experiments. Aggregation in THF:DMSO
mixtures could be monitored via temperature-dependent dynamic light scattering
measurements. This might provide some insight into the optimal conditions
required to achieve significant epitaxial growth in two dimensions via the ‘living’

CDSA of charge-capped polyfluorene materials.

219



Chapter 5

5.5. Supporting Information

5.5.1. Materials and Methods

All reagents and solvents used for polymers synthesis were of reagent
grade, and unless otherwise stated and were used as received. Solvents for self-
assembly were of HPLC grade and filtered using 0.2 um syringe filters prior to use.
The synthesis of PDHF14-b-PEG227 has been reported elsewhere! and the synthesis
of PDHF17-b-P2VP250 has been described in Chapter 3 and is not reported here.

Nuclear magnetic resonance (NMR). TH NMR spectra were taken with a
Bruker 500 MHz spectrometer; chemical shifts were referenced to the residual
solvent peak (CHCls, & = 7.26 ppm).

Gel Permeation Chromatography (GPC). measurements were conducted on
Viscotek GPCmax equipped with a UV detector operating at 400 nm and a
refractometer. Measurements were carried out at 1.0 mL min! with THF
containing [nBu4N]Br (0.1% w/w) as the eluent at 35 °C, results were measured
against polystyrene standards (Viscotek).

Matrix-Assisted  Laser  Desorption/lonization  Time-Of-Flight = Mass
Spectrometry (MALDI-TOF MS). Measurements were conducted on a Bruker
Ultraflex I ToF spectrometer under the reflector positive ion regime. Samples
were prepared with a 9:1 ratio of trans-2-[3-(4- tert-butylphenyl)-2-methyl-2-
propenylidene]malonitrile matrix (20 mg mL-! in THF) to polymer solution (0.2
mg mL-1in THF), then 5 L of the sample was deposited onto the sample plate and
dried under ambient conditions.

Transmission Electron Microscopy (TEM). Samples were prepared by drop
casting 10 pL of the nanofiber solution onto a carbon-coated copper grid (Agar
Scientific, mesh size 200). Bright-field TEM micrographs were taken using a JEOL
JEM 1011EX microscope operating at 80 kV, equipped with a 11M pixel CCD
camera. Micelle length distributions were determined using the software program
Image] developed at US National Institute of Health. A minimum of 300 micelles
are traced to determine their contour length or width and length or width
distributions. This data allows for calculation of the number average length (Ln),
weight average length (Lw), number average width (Wh), weight average width

(Ww), number average area (An), weight average area (Aw) for a sample, this is
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calculated as shown below (L = length of micelle, W = width of micelle, A = area of

micelle, N = number).

_ L1 NiL; L= LNL?

" ?:1 Ni v ?:1 Ni Li
_ =1 N;W; W = LoNw?

" LN v N W
A = e1 NiA; A = LNAS
" ?=1Ni v ?:1 Ni Ai

Spectroscopic Measurements. UV /vis data were obtained on a Lambda 35
Spectrometer employing glass cells (1 cm x 1 cm) from 200 to 800 nm.
Fluorescence data was obtained on a PTI QM40 Spectrofluorometer using an

excitation wavelength of Aext at 380 nm.

5.5.2. Synthesis of alkyne-terminated PDHF

Alkyne-terminated PDHF homopolymers were synthesized by Grignard
Metathesis polymerization (GRIM). 2-Bromo-7-iodo-9,9-bis-n-hexylfluorene was
synthesised according to the reported procedure.** In an example polymerization,
2-Bromo-7-iodo-9,9-bis-n-hexylfluorene (435 mg, 0.81 mmol) was dissolved in 10
mL of anhydrous THF. The resulting solution was cooled to -20°C before 1.3 M
iPrMgCl.LiCl complex (1 eq.) was added dropwise, then the solution was left to stir
for 90 min at -78°C. The activated solution of 2-bromo-7-iodo-9,9-bis-n-
hexylfluorene monomer was added in one quick injection to a solution of
Ni(dppp)Clz (17.5 mg, 0.032 mmol) and anhydrous THF (100 mL) at 0°C. After 15
mins, 0.5 M ethynylmagnesium bromide (3 mL) was added to the reaction mixture
which was then stirred for 1 h. The resultant mixture was then precipitated into
methanol affording a pale yellow solid. The polymer was then dissolved in DCM,
washed with water several times then with saturated NaCl solution before drying
with anhydrous MgSO04. After filtration, the solution was concentrated in vacuo
before precipitation in cold methanol to afford a bright yellow solid. Further
purification by Soxhlet extraction in ethyl acetate followed by collection in
chloroform gave the purified polymer as a yellow solid (151 mg, yield: 45 %).

The degree of polymerisation of all PDHF homopolymers was determined

by MALDI-TOF MS. Samples were composed of a 9:1 ratio of matrix to polymer
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solution (0.2 mg mL-1in THF). The polydispersity (Mw/Mn) was determined by
GPC (THF containing [nBusN]Br (0.1 % w/w).

PDHF27-yne

TGO
Alkyne-terminated PDHF27 was synthesized by the method mentioned
above. Yield = 151 mg, 45 %. MALDI-ToF MS: M* = 9086 Da, repeat unit weight =
332 amu. GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 23.2
kDa, Mw = 26.5 kDa, Mw/Mn = 1.14. 1H NMR (500 MHz, CDCI3) ppm & = 7.91-7.61
(m, 6 H, CH aromatic), 2.13 (m, 4 H, (CHz) x 2), 1.22-0.96 (m, 16 H, (CH2) x 6) and
0.95-0.77 (m, 10 H, (CH3) x 2 and (CH2) x 2).

PDHFs-yne

Br 0.0 8/

Alkyne-terminated PDHF7 was synthesized by an analogous method to that
mentioned above. Yield = 146 mg, 52 %. MALDI-ToF MS: M* = 2765 Da, repeat unit
weight = 332 amu. GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mx
= 4.4 kDa, Mw = 5.5 kDa, Mw/Mn = 1.25. 1TH NMR (500 MHz, CDCl3) & (ppm) = 7.91-
7.62 (m, 6 H, CH aromatic), 2.13 (m, 4 H, (CHz) x 2), 1.22-0.96 (m, 16 H, (CHz) x 6)
and 0.95-0.77 (m, 10 H, (CH3) x 2 and (CHz) x 2).
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5.5.3. Synthesis of (3-azidopropyl)triphenyl phosphonium bromide

B
~Fo

Q

(3-Bromopropyl)triphenyl phosphonium bromide (2 g, 4.29 mmol) and
sodium azide (0.56 g, 8.61 mmol) were dissolved in 10 mL of a water: ethanol
mixture (1:1 v/v). The resulting mixture, under stirring, was heated to 80°C under
reflux for 16 h. After concentrating in vacuo, the supersaturated solution was
cooled in an ice bath (0°C) for 2 h. The solution was filtered, and the solids washed
with ice cold water to afford the product as a white solid. Yield = 1.73 g, 87 %. 1H
NMR (500 MHz, CDCI3) ppm 6 = 7.89-7.67 (m, 15 H, (CH) x 15 - aromatic), 4.03 (m,
2 H, CH:P*), 3.84 (t, 2 H, CH2zN3) and 1.90 (m, 2 H, CH2CH2N3).

5.5.4. Synthesis of PDHF homopolymers with a terminal phosphonium end-
group

Alkyne- and azido-functionalized materials can be coupled by using a
copper-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction.*> In an
example polymerization, alkyne-terminated PDHF27 (60 mg, 0.0066 mmol), (3-
azidopropyl)triphenyl phosphonium bromide (10 mg, 0.03 mmol) and PMDETA
(50 pL, excess) were dissolved in 3 mL of THF and subjected to three consecutive
freeze-pump-thaw cycles. CuBr (5 mg, excess) was added to polymer solution
(under inert atmosphere). The reaction mixture was heated to 45 °C and stirred
for 48 h. The solution was then diluted with DCM, washed with water several times
then with saturated NaCl solution before drying with anhydrous MgSO.. After
filtration, the solution was concentrated in vacuo. Residual alkyne-terminated
PDHF,7 was removed by silica gel chromatography (eluent chloroform 100 %),
then the charge-capped polymer was collected using chloroform and methanol
(9:1, v/v) as the eluent. The pure fractions were concentrated in vacuo before
precipitation in cold methanol to afford the product as a pale yellow solid (yield:

28 mg, 47 %).
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PDHF27[PPhs]Br

PDHF27[PPhs]Br was synthesized by the method mentioned above. Yield =
28 mg, 47 %. GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): M,, = 22.9
kDa, My, = 25.6 kDa, Myw/M, = 1.12. 1H NMR (500 MHz, CDCI3) ppm & = 7.90-7.59
(m, 177 H, CH aromatic-PDHF and PPh3) and 2.38-1.91 (m, 108 H, CH; x 2-PDHF).

PDHFs[PPhs]Br

PDHFs[PPhs]Br was synthesized by an analogous method to that
mentioned above. Yield = 23 mg, 40 %. GPC (THF containing [nBusN]Br (0.1 %
w/w), 1 mL min-1): My = 6.1 kDa, Mw = 7.0 kDa, Mw/Mn = 1.14. 1TH NMR (500 MHz,
CDCI3) ppm 6 = 7.90-7.59 (m, 63 H, CH aromatic-PDHF and PPhs) and 2.38-1.91
(m, 32 H, CHz2 x 2-PDHF).
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5.5.5. Supplementary Figures
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Figure S5. 1: 1H NMR spectrum of (3-azidopropyl)triphenyl phosphonium bromide (500 MHz,

CDClI3). CDCls (6 = 7.26 ppm) is labelled. CDCls (6 = 7.26 ppm) and H20 (6 = 1.63 ppm) are marked
with an *.
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Figure S5. 2: 1H NMR spectrum of PDHFs[PPh3]Br (500 MHz, CDCls). CDCl3 (6 = 7.26 ppm) and H20
(6 = 1.56 ppm) are marked with an *.
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(a) —— PDHFy; (b) PDHFg-yne

——— PDHF7[PPh3Br ~——— PDHFg[PPhy)Br

P T T T T g T g T v T Y ! r T T T T T T T T T T T 1
14 15 16 17 18 19 20 14 15 16 17 18 19 20

Retention Time (mins) Retention Time (mins)

Figure S5. 3: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL/min) at 35 °C of (a) PDHF27 homopolymer (blue trace) and PDHF27[PPhs]Br (pink
trace), and (b) PDHFs homopolymer (blue trace) and PDHFs[PPhs]Br (pink trace).
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Figure S5. 4: MALDI-ToF mass spectrum of (a) alkyne-capped PDHF27, M* = 9086 Da and (b)
alkyne-capped PDHFg, M+ = 2765 Da. The mass of each PDHF repeat unit is 332 g mol-1.

Table S5. 1: Hildebrand solubility parameter of materials and solvents.#6-48

Material /Solvent 8 (MPa)1/2
Poly(di-n-alkylfluorenes) 18.6 - 19.0

THF 18.5

Toluene 18.3

iPrOH 23.5

DMF 24.7

MeCN 24.8

EtOH 26.0

DMSO 26.4

MeOH 29.7
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Figure S5. 5: Self-assembly of PDHF27[PPhs]Br in (a) THF:DMSO (1:9), (b) THF:DMSO (1:1), (c)
THF:DMSO (2:3) after 24 h of ageing at 20 °C and in (d) THF:DMSO (1:9) after 7 days of ageing at
20 °C. Scale bars: (a), (b), (d) 2 pm and (b) 1 pm.
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Figure S5. 6: Self-assembly of PDHFs[PPhs]Br in (a) THF:AcN (1:1), (b) THF:AcN (9:11), (c)
THF:AcN (2:3) and (d) THF:iPrOH (2:3). Scale bars: 4 pm.
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(b) THF:iPrOH (9:11) upon heating to 70 °C for 30 min followed by slow cooling to 20 °C and ageing

for 1 day before TEM analysis.
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Figure S5. 9: Normalized UV-Vis spectrum of PDHFs[PPh3]Br in THF (Amax = 380 nm).
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Figure S5. 10: (a) TEM image of micelles prepared by the CDSA of PDHFg[PPhs]Br in THF:iPrOH
(9:11, v/v) and (b) corresponding histogram representing the contour width distribution. (c) TEM
image of seed micelles prepared by the sonication of polydisperse PDHFg[PPh3]Br micelles Br in
THF:iPrOH (9:11, v/v) and (d) corresponding histogram representing the contour width

distribution. Scale bars: (a) 4 um and (c) 2 um. TEM image insets: photographs of the self-assembly
samples under UV light (365 nm). Sample concentrations: 0.2 mg mL1!
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Figure S5. 11: TEM images of branched micelles prepared by the seeded growth of PDHF14-b-
PEGz27 from PDHFs[PPhs]Br seeds with a munimer/mseed values of 10 in (a) THF:MeOH (1:1, v/v), (b)
THF:EtOH (1:1, v/v) and (c) THF:iPrOH (1:1, v/v). Scale bars: 2 pm.
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Figure S5. 12: (a) TEM image of seed micelles prepared by the sonication of polydisperse
PDHFs[PPhs3]Br micelles Br in THF:iPrOH (9:11, v/v) (Ln = 97 nm, Lw/Ln = 1.13). TEM image of
branched micelles with low dispersity fiber arms prepared by the seeded growth of PDHF14-b-
PEG227 unimer from PDHFs[PPhs]Br seed micelles in THF:MeOH (1:1, v/v) with a Munimer/Mseed
value of (b) 5 and (c) 10 or in THF:iPrOH (1:1, v/v) with a Munimer/Mseed Value of (d) 5 and (e) 10.
Scale bars: 2 pm. Fiber arm lengths and dispersities: (b) Ln =471 nm, Lw/Ln = 1.03, (c) Ln = 944 nm,
Lw/Ln=1.02, (d) Ln = 539 nm, Lw/Ln = 1.05, and (e) Ln = 644 nm, Lw/Ln = 1.04.
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Figure S5. 14: TEM image of branched micelles with low dispersity fiber arms prepared by the
seeded growth of PDHF14-b-PEG227 unimer from PDHFgs[PPhs]Br seed micelles in THF:iPrOH (1:1,
v/v) with a Munimer/Mseed Value of 10. Inset shows the presence of film (unimer). Scale bar: 2 pum,

inset: 1 pm.
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Contour Length (nm)
branched scarf-like micelles prepared by the seeded growth of PDHF17-b-P2VP250 unimers from

PDHFs[PPhs]Br seeds (Ln= 97 nm, Lw/Ln= 1.13) with a Munimer/Mseea value of (a) 10, (b) 20, (c) 30,

Figure S5. 15: Histograms representing contour length distributions of the fiber tassel arms in
and (d) 40 in THF:EtOH (1:1, v/v).
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Figure S5. 16: (a) TEM image of seed micelles prepared by the sonication of polydisperse
PDHFs[PPhs]Br micelles Br in THF:DMSO (7:13, v/v). Corresponding histograms representing the

(b) area, (c) length, and (d) width distributions. Scale bar: 2 pm.
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w0c

Figure S5. 19: TEM images of micelles prepared by the seeded growth of PDHFs[PPhs3]Br in
THF:DMSO (1:9, v/v) with a Munimer/Mseed value of 10. Seed micelles were heated to either (a)-(b)
100 °C or (c)-(d) 70 °C for 30 min, unimer was added and temperature was held for 30 min before
slow cooling to 50 °C, aging for 4 h and slow cooling to 20 °C. Scale bars: 4 um.
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Solution Self-Assembly of Diblock
Copolymers with a Crystallizable
Poly(di-n-octylfluorene) Core-Forming

Block with Enhanced [3-Phase Content

Contributions:

All results presented in this chapter are the sole work of Huda Shaikh.
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Chapter 6
6.1. Abstract

In this work, the solution self-assembly of block copolymers (BCPs) with
crystallizable poly(di-n-octylfluorene) (PDOF) core-forming blocks is presented.
PDOF polymer chains can adopt three different structural phases that possess
unique chain packing conformations. In particular, octyl side chains can enable
planarization of the polymer backbone during aggregation leading to the
formation of a highly ordered crystalline phase termed the B-phase. Fabricating
PDOF-based nanowires with -phase regions is beneficial for achieving enhanced
photoluminescence and electroluminescence efficiencies. Crystallization-driven
self-assembly (CDSA) of PDOF-based BCPs in solution afforded fiber-like micelles
with [3-phase chain conformations present in the fiber cores. Self-assembly of
PDOF-b-poly(N-isopropylacrylamide) (PDOF-b-PNIPAm) formed short fiber-like
micelles in mixed solvents systems composed of a mixture of a common solvent
for both polymer blocks (add solvent info) and a selective solvent for the PNIPAm
block (and solvent info). Increasing the ratio of coronal selective solvent to
common solvent correlated with an increase in (-phase content. Attempts to
prepare longer fiber-like micelles (Ln > 200 nm) from the solution self-assembly
studies of PDOF-b-PNIPAm, PDOF-b-poly(ethylene glycol) (PDOF-b-PEG) and
PDOF-b-poly(dimethylsiloxane) (PDOF-b-PDMS) BCPs were not successful.
Studies targeting the use of short fiber-like micelles prepared by homogenous
nucleation of PDOF-b-PNIPAm to seed the epitaxial growth of solvated BCP
unimer were also unsuccessful and resulted in rapid homogenous nucleation of

the latter.
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6.2. Introduction

Polymorphism describes the ability of materials to adopt different packing
motifs in the bulk or aggregated state.! Semiconducting materials including
conjugated small molecules and polymers possess optical and electronic
properties unique to each packing motif.2-> Recent research efforts have focussed
on understanding these structure-property relationships for the development of
enhanced materials for organic electronics.t

Polyfluorenes are an extensively studied class of m-conjugated polymers
that typically display bright blue emission but possess tunable optoelectronic
properties in the form of a copolymer of fluorene units with other conjugated
monomers.”8 For alkyl-substituted polyfluorenes, three main states with unique
chain conformations have been identified: ‘glassy’, crystalline (also called the a-
phase), and the highly ordered crystalline B-phase (Figure 6. 1a). The B-phase
consists of a planarized polymer backbone and is characterized by red-shifted
absorption and emission spectra (Figure 6. 1c-d).° The different chain
conformations are influenced by the alkyl sidechain length, solvent medium, and
temperature.10 115 Exercising control over the formation of the -phase is key to
optimizing the performance of polyfluorene-based light-emitting diodes (LEDs).
The fraction of the [-phase has been shown to directly affect the
photoluminescence and electroluminescence efficiency.? To access the 3-phase,
self-assembly conditions that enable aggregation and planarization of the polymer
backbone are needed. If the side chains along the polymer backbone are too long
the polymer will be amorphous. If they are too short then backbone planarization
cannot be achieved as the Van der Waals bond energy is not sufficient to overcome

steric repulsion (Figure 6. 1b).11.12
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Figure 6. 1: (a) Chemical structures depicting the different chain conformations of poly(di-n-
alkylfluorenes). (b) [B-phase accessibility depending on side-chain length. UV-vis (c) and
photoluminescence (d) spectra of different chain conformations of poly(di-n-alkylfluorenes)
(glassy phase = blue traces; crystalline phase = black traces; $-phase = red traces). Adapted with
permission from ref 13.

Improved photoluminescence quantum efficiency (PLQE) and increased
emission stability have been observed with materials containing the 3-phase. 1415
The presence of even a small amount of 3-phase has been shown to have a positive
influence on the overall optoelectronic behaviour of polyfluorene materials.
Applications, including as LEDs, transistors and electrically pumped organic
lasers, have been investigated.16-21 Additionally, structure-property relationships
have been uncovered which reveal that a higher fraction of the 3-phase results in
improved PLQE efficiency and hole mobility.1>22-24 This can be attributed to the
increased planarity of the polymer chains that results in increased electronic
delocalization therefore alower energy HOMO-LUMO transition (optical bandgap)
compared to the other aforementioned chain conformations2> The 3-phase also
has a longer conjugation length and higher degree of order, both of which are
favorable properties for enhanced charge carrier transport. As the (-phase
regions are also lower in energy than the other chain conformations they can act

as low-energy exciton traps to produce a ‘self-doped’ material.2627 The emission
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spectrum is often completely dominated by the [3-phase, even at low fractions.
Efficient energy transfer occurs from the regions with different chain
conformations to the (-phase regions.

Synthetic strategies for accessing the [3-phase have mainly focussed on
controlling the aggregation of poly(di-n-octylfluorene) (PDOF) homopolymer by
using different solvent mixtures or by employing vapour or thermal
treatments.>28 Generally the content of B-phase is relatively low (<45 %) and is
not the dominant chain conformation.282° Recently the highest content of the 3-
phase (52 %) has been reported for a PDOF film prepared by inducing aggregation
by the addition of 1,8-diiodooctane (up to 4 vol %) to a solution of PDOF in o-
xylene followed by solvent vapor annealing with o-xylene. 30 This vapor treatment
enhances the mobility of the polymer chains, increases the time required to form
a film and makes it easier for the chains to become ordered therefore enabling
access to a higher content of B-phase.

Anisotropic aggregates with [3-phase regions are also of particular interest
for electronic applications. Nanowires (between 1 - 35 pm in length) with -phase
regions have been prepared by using a melt-assisted template wetting method
which involves heating polymer in a porous membrane template (Figure 6. 2).1826
The mechanical stress during the filling of the pores in the template assists in
inducing B-phase formation. The nanowires showed remarkable Fabry-Pérdot
microcavity behaviour (confinement of light to a small region)3! and optically
pumped lasing properties.1® Recently electrospun PDOF nanofibers have been
explored as optical sensors for volatile organic compounds (VOCs).32 The spun
fibers contain PDOF with mainly glassy-phase regions. In the presence of certain
VOCs the B-phase content is increased which was characterized by the quenching

of the emission of the glassy-phase.
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Figure 6. 2: PDOF nanowires with f-phase chain packing prepared by melt-assisted template
wetting. (a) SEM image!® and (b) fluorescence microscopy image of PDOF nanowires.2¢ Scale bars:
(2) 1 pm and (b) 10 pm.

Polymer-based nanofibers can also be prepared through the solution self-
assembly of amphiphilic block copolymers (BCPs).33 If one of the blocks is able to
crystallize, nanoparticles with low curvature at the core-corona interface are
favoured. 1D cylindrical micelles can be exclusively formed by targeting certain
block ratios and degreed of polymerization. The length of 1D nanostructures
containing crystalline cores can be controlled by the seeded growth method
termed ‘living’ crystallization-driven self-assembly (CDSA). 34-43 Segmented
nanostructures can be easily prepared by the sequential addition of different BCPs
to low dispersity seed micelles using this approach.444> We have recently applied
this approach towards the fabrication of low-dispersity nanofibers with poly(di-
n-hexylfluorene) (PDHF) cores.#¢ Segmented fibers with distinct coronal regions
were prepared, subsequent transient absorption measurements uncovered
exceptionally long-range exciton transport along the fiber core (> 200 nm).46
Additionally, fluorescent solid-state heterojunction nanowires with an inner
donor PDHF core and an outer acceptor core can be prepared by a two-step
crystallization method.#”

In this Chapter, we present studies on the solution self-assembly of PDOF-
based BCPs. Previously, we have shown that polyfluorene with hexyl side chains
can undergo crystallization-driven self-assembly to form crystalline core
nanofibers.#647 However this polymer is not able to access the (-phase chain
conformation. Exploring the CDSA behavior of polyfluorenes with octyl side chain
and controlling the B-phase content could provide a route to optimizing

optoelectronic properties of the nanoparticles accessible using solution self-
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assembly methods. PDOF-based BCPs were chosen as this is the optimal
polyfluorene derivative for accessing the -phase in the aggregated state.l11.12
These materials are anticipated to exhibit different crystallization kinetics and
‘living’ CDSA behaviour compared to PDHF BCPs. (B-phase packing in the

nanoparticles is characterized by UV-vis and fluorescence spectroscopy.
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6.3. Results and Discussion

6.3.1. Synthesis and Characterisation of PDOF Block Copolymers

Synthetic methods for preparing poly(di-n-hexylfluorene) BCPs (PDHF)
described previously in Chapters 2-5 can also be used to synthesize well-defined
poly(di-n-octylfluorene)-based (PDOF) BCPs. Grignard metathesis polymerization
(GRIM) was employed to prepare alkyne-terminated PDOF homopolymer.
Copper-catalyzed azide-alkyne cycloaddition click reactions (CuAAc) with the
PDOF homopolymer and different azido-terminated corona forming blocks such
poly(ethylene glycol) (PEG), poly(N-isopropylacrylamide) (PNIPAm) and
poly(dimethylsiloxane) (PDMS) were carried out (Scheme 6. 1). Azido-terminated
PNIPAm was synthesized by atom transfer radical polymerization (ATRP), azido-
terminated PDMS was synthesized by living anionic polymerization, and azido-
terminated PEG was synthesized from tosylate-terminated PEG.

Soxhlet extraction was carried out in ethyl acetate followed by methanol to
afford an alkyne-terminated PDOF homopolymer with low molar mass dispersity.
The PDOF polymer was then collected in chloroform, concentrated in vacuo and
precipitated into cold MeOH to obtain the purified product. BCPs with a polar
corona block (PNIPAm, PEG) were purified via silica gel column chromatography
to remove residual PDOF homopolymer. The solid polymers were washed with
methanol several times then precipitated into cold methanol to remove residual
PNIPAm and PEG homopolymers. PDOF-b-PDMS was purified by preparative size
exclusion chromatography (SEC) to remove residual homopolymers. Selective
precipitation to remove any residual PDMS homopolymer was challenging as the
PDOF-b-PDMS BCP does not precipitate in good solvents for PDMS such as
hexanes and ethyl acetate. Instead the solid polymer was washed repeatedly with
cold hexanes to remove residual PDMS. Material characterization was achieved by
matrix-assisted laser/desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry, gel permeation chromatography (GPC) and 'H NMR spectroscopy,
details are provided in the Supporting Information (Figure S6. 1-56.2).
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Scheme 6. 1: Synthesis of PDOF-based block copolymers. PDOF12-b-PNIPAmss, PDOF12-b-PEG113
and PDOF12-b-PDMSzo0. . R = alkyl side chain. iPrMgCl. LiCl = isopropylmagnesium chloride lithium
chloride complex solution (turbo grignard). Ni(dppp)Clz = dichloro(1,3-
bis(diphenylphosphino)propane)nickel. PMDETA = N,N.N’,N”.N”-pentamethyldiethylenetriamine.

6.3.2. Self-assembly of PDOF-b-PNIPAm

The solution self-assembly of PDOF-b-PNIPAm BCP was investigated first.
The individual PNIPAm (Hildebrand solubility parameter, 6pnipam = 24.8 MPal/2)
and PDOF blocks (8pr = 18.6-19.0 MPal/2) have significant differences in solubility
(Table Sé. 1). Therefore aggregation of the PDOF block may occur in solvents that
are selective for the PNIPAm block, such as polar solvents like isopropanol (iPrOH,
Oirron = 23.5 MPal/2), dimethyl sulfoxide (DMSO, &pmso = 26.4 MPal/2) and
dimethylformamide (DMF, dpmr = 24.7 MPal/2) (Table S6. 2). An example of a self-
assembly protocol is as follows, PNIPAm selective solvent was added dropwise to
a solution of PDOF-b-PNIPAm in THF or toluene (Tol) to obtain a sample with a
polymer concentration of 0.2 mg mL-1. The samples are then heated for 30 min to
dissolve the polymer, depending on the solvent system ca. 65-80 °C for MeOH,
EtOH, iPrOH and MeCN mixtures, 140°C for DMF and DMSO mixtures. The samples
are then cooled to 20 °C slowly and aged for a further 24 h before analysis by
transmission electron microscopy (TEM) (Figure 6. 3a).

Typically, in the case of PDHF BCPs with polar corona forming blocks, long
crystalline fibers (> 8 pm) can be prepared via CDSA in solvent systems composed
of 50 % common solvent (THF, Tol) and 50 % alcohol corona-selective solvent

(iPrOH, EtOH, MeOH). However, for PDOF-b-PNIPAm, only short fiber-like
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micelles (e.g. Ln = 19 nm, Lw/Ln= 1.06, where Lx is the number-average length and
Lw is the weight-average length) were observed in Tol:iPrOH (1:1, v/v) (Figure 6.
3b) and Tol:EtOH (1:1, v/v). The electron contrast of these fibers with the
background of the carbon-coated grid is very poor compared to that typically
observed for crystalline PDHF micelles, which suggests the micelle cores may be
amorphous. In Tol:MeOH (1:1, v/v) and Tol:MeCN (1:1, v/v), mixed morphologies
were observed, consisting of spherical and short fiber-like micelles (ca. < 50 nm).
In  mixtures with higher contents of PNIPAm selective solvent
(MeCN/iPrOH/EtOH/MeOH) mainly short fiber-like micelles and spherical
micelles were observed (Figure 6. 3c). In Tol:DMSO (1:1, v/v), longer lower
contrast fibers (Ln =742 nm, Lw/Ln = 1.12) were observed with a small percentage
of higher contrast fibers (ca. < 1%) that appears to have formed upon drying
(Figure 6. 3f). Increasing the DMSO content only led to formation of spherical

micelles and some short fiber-like micelles (Figure 6. 3g).

(a)

g
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SOK o jLH, . \8/\ iPrOH/MZ)H/DMSO

80/65/140°C, 30 min

PDOF-b-" 111741 unimers Nanofibers

I: iPrOH (1:9)

Figure 6. 3: (a) Schematic illustration of the preparation of PDOF-b-PNIPAm fiber-like micelles in
Tol:iPrOH/MeOH/DMSO mixtures via heating to dissolution (80/65/140 °C) followed by slow
cooling to 20 °C. TEM images of PDOF-b-PNIPAm fiber-like micelles in (b) Tol: iPrOH (1:1, v/v), (c)
Tol: iPrOH (1:4,v/v), (d) Tol: iPrOH (1:9, v/v), (e) Tol:MeOH (1:1, v/v), (f) Tol:DMSO (1:1, v/v) and
(g) Tol:DMSO (1:9, v/v). Scale bars: 1 pm.
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Exclusive formation of fiber-like micelles was observed in Tol:DMF
mixtures (= 1:1, v/v). All fibers formed by homogenous nucleation in these
solvents systems were short (ca. < 30 nm). From these studies Tol:DMF mixtures
appeared to be most promising solvent system to promote fiber formation. Next,
the self-assembly protocol was modified in an attempt to promote the formation
of longer crystalline fibers by slowing the rate of nucleation and improving crystal
growth from nuclei. A sample of PDOF-b-PNIPAm at 0.2 mg mL-! in different
Tol:DMF mixtures was heated until dissolution at 140°C for 1 h. The samples were
then cooled to 110 °C, just below the melting temperature of PDOF (Tm = 120 °C)
(Figure S6. 3) and held at this temperature for a further 4 h to induce slow
crystallization, before being slowly cooled to 20 °C and ageing for 24 h. Fiber
formation was improved under these conditions compared to other solvent
systems and protocols, but fiber length was still limited (ca. 20 - 100 nm) (Figure
6. 4 and Figure S6. 4).

(a)
o i Tol:DMF
VQI”“W pe 0, ’

140°C, 1 h
110°C4h

PDOF-b-1! unimers Nanofibers

Figure 6. 4: (a) Schematic illustration of the preparation of PDOF-b-PNIPAm fiber-like micelles in
Tol:DMF mixtures via heating to dissolution (140 °C) followed by an isothermal hold, to help
induce crystallization, at 110 °C just below the Tm (120 °C) followed by slow cooling to 20 °C. TEM
images of PDOF-b-PNIPAm fiber-like micelles in (b) Tol:DMF (1:3, v/v), (c) Tol:DMF (1:4, v/v), (d)
Tol:DMF (1:5, v/v), (e) Tol:DMF (1:6, v/v), (f) Tol:DMF (1:7, v/v) and (g) DMF. Scale bars: 500 nm.
Inset scale bars: 250 nm.
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Next, the self-assembly protocol was modified further in attempt to see
whether longer fibers (> 100 nm) can be prepared by a homogenous nucleation of
PDOF-b-PNIPAm. Similar to the previous protocol described, the first step
involves heating the polymer to dissolution in Tol:DMF mixtures at 140 °C for 30
min. Then the samples were cooled to different temperatures below the Tm of
PDOF (120 °C), at 70 °C, 90 °C, and 110 °C, held for 4 h at these temperatures,
before slow cooling to 20 °C and ageing for 24 h. By incorporating this isothermal
hold, we aimed to suppress rapid self-nucleation, which results in short micelles,
and to promote elongation. On cooling from 140 °C (corresponding to the
molecularly dissolved BCP state) to a temperature below the Tm of PDOF, some
self-nucleation would be anticipated. The selected temperature should affect the
rate of crystallization, and specifically the relative rates of self-nucleation versus
elongation.

TEM analysis revealed that the temperature of the isothermal hold step had
an influence on the observed fiber length (Figure 6. 5). The sample that underwent
an isothermal hold at 110 °C consisted of very short fiber-like micelles (Ln = 33
nm, Lw/Ln = 1.14) (Figure S6. 7a). Decreasing the temperature of the isothermal
hold step to 90 °C (Ln =83 nm, Lw/Ln=1.20) and 70 °C (Ln =111 nm, Lw/Ln = 1.24)
produced longer fiber-like micelles (Figure S6. 7b-c). This data provides some
information on the conditions required to favour epitaxial growth over self-
nucleation of PDOF-b-PNIPAm. However, the obtained micelle lengths were still
limited (<200 nm).

L .

¥ e

Figure 6. 5: TEM images of PDOF-b-PNIPAm fiber-like micelles prepared in Tol:DMF (1:9, v/v) by
heating at 140 °C for 30 min, cooling to and held at (a) 110 °C, (b) 90 °C and (c) 70 °C for 4 h before
slow cooling to 20 °C and ageing for 24 h.
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Low yields of fibers were observed in solvent mixtures composed of high
contents of common solvent (2 50 %THF/Tol, v/v) at 20 °C. In a further attempt
to obtain long fiber-like micelles from the CDSA of PDOF-b-PNIPAM, self-assembly
was investigated in these solvent mixtures again using a modified protocol. In a
typical experiment, after the addition of PNIPAm-selective solvent to a solution of
the BCP in THF, the sample was heated to just under the solvent boiling point and
then slowly cooled to -20 °C. Short fiber-like micelles were observed in THF:MeCN
(5:4, v/v) and in THF:MeOH (5:4, v/v) however no long fibers were detected
(Figure S6. 8). Further attempts using different temperatures and solvent
mixtures were unsuccessful with respect to the preparation of long fiber-like

micelles.

6.3.3. Characterization of 3-Phase Behaviour

PDOF-based materials predominantly exhibit the ‘glassy’ phase, crystalline
a-phase or -phase chain conformations. Self-assembled nanofibers prepared by
CDSA of PDOF-b-PNIPAm in different Tol:DMF solvent systems were analyzed by
UV-vis and fluorescence spectroscopy to characterize the chain packing in the
fiber cores. Different amounts of DMF were added to a unimer solution of PDOF-
b-PNIPAm in toluene. The resulting solutions were heated to 140 °C for 1 h before
cooling to 110 °C for 4 h and then cooling to room temperature and ageing for 1
day. From the UV-vis spectra of the nanofibers in solution, characteristic
absorption peaks for the glassy-phase (ca. 380 nm) and (3-phase (433-435 nm)
were observed for all solvent systems that were selective for PNIPAm (Figure 6.
6a). With increasing poor solvent for PDOF (DMF) an increase in the absorption
peak intensity for the 3-phase conformation was observed relative to the glassy-

phase absorption peak.
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Figure 6. 6: Optical spectroscopy data of PDOF12-b-PNIPAmss in different ratios of Tol:DMF (v/v).
(a) UV-vis and (b) photoluminescence spectra illustrating the change in -phase content with
different amounts of poor solvent for PDOF. From the UV-vis spectra the absorbance for the glassy-
phase (Ag dark grey line) and B-phase (Ag, black line) are marked. From the photoluminescence
spectra the lo-o vibronic band for the glassy-phase (light grey line), lo-o vibronic band for the -phase
(dark grey line) and lo-1 vibronic band for the 3-phase (black line) are marked.

Analysis by fluorescence spectroscopy revealed a similar trend, increasing
B-phase content was observed with increasing amount of poor solvent for the
PDOF block (Figure 6. 6b). Compared to the unimer solution in toluene, a slight
red-shift is expected for the PDOF lo-0 vibronic band (ca. 410 to 416 nm) in an
aggregates state (without B-phase). A significant red-shift in the PDOF lo-o vibronic
band (to ca. 437 - 441 nm) accompanied by a slight increase in the intensity and
narrowing of the PDOF lo-1 vibronic band (ca. 467 nm) occurs in the presence of 3-
phase. These spectral features are a result of an increase in conjugation length,
planarization of the PDOF backbone, and the presence of a highly delocalized
excited state associated with the (-phase. These spectroscopic trends are
enhanced at higher DMF contents.

The percentage of B-phase content (§ %) is calculated from Eqn. 1 where
the glassy-phase absorbance (Ag) is at 400 nm; 3-phase absorbance (Ap) at 433
nm; glassy-phase extinction coefficient (g&g) is 4.46 and [(-phase extinction
coefficient (ep) is 4.83.3 Enhancement of (-phase content is observed by
increasing the PNIPAm selective and PDOF poor solvent, DMF. Fibers formed in
Tol:DMF (1:3, v/v) have 18 % [-phase content this was enhanced up to 32 % for
the nanofibers prepared in pure DMF (Figure 6. 7).

Ag X gg

B%z g _

cB+cg_ABxsg+Agst

(Eqn. 1)
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Additionally, for the mixed morphology micelles (spherical and fiber-like)
prepared in Tol:DMSO mixtures the highest percentage of -phase content was 24
%, which was observed for all self-assembly samples from Tol:DMSO (1:1, v/v) to
(1:9, v/v) (Figure S6. 5). Samples prepared from Tol/THF and mixed alcohol
solvent systems also exhibited some (3-phase packing with a maximum (-phase
content of 26 % observed for micelles formed in THF:iPrOH (1:9, v/v) (Figure Sé.
6).

35
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Figure 6. 7: Graph showing the percentage of 3-phase content observed in micelles prepared in
Tol:DMSO mixtures with varying DMSO content. 3-phase content was calculated from Equation 1.

6.3.4. Self-assembly of PDOF-b-PEG and PDOF-b-PDMS Diblock Copolymers

The use of a different corona-forming block with a more similar solubility
to the PDOF segment would be expected to assist in slowing down the rate of
nucleation of the core-forming block in solution. Compared to PNIPAm (6pnipAm =
24.8 MPal/2), PEG (8pec sk = 21.4 MPal/2) is more similar in solubility to the PDOF
core (8pr = 18.6-19.0 MPal/2) based on the solubility parameters (Table Sé6. 1). The
self-assembly of PDOF12-b-PEG113 was studied in solvent mixtures with different
ratios of common solvent for both blocks (THF or toluene) and polar solvent
(selective for PEG). Attempts at preparing long fiber-like micelles from the CDSA
of PDOF12-b-PEG113 in these solvent mixtures were also unsuccessful. The rapid
self-assembly of the BCP in most of these solvent mixtures resulted in the
formation of small irregular aggregates or spherical micelles. Some short fiber-
like micelles (ca. 30 nm) were observed from self-nucleation in THF:MeOH and

THF:iPrOH solvent mixtures (Figure S6. 9).
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In an attempt to reduce the rate of nucleation further, we next sought to
use a non-polar corona (PDMS). Self-assembly studies of PDOF12-b-PDMS147 BCP
were conducted in different solvent systems composed of common solvent for
both blocks, such as THF or toluene and solvents that could be selective for the
PDMS block (8epms = 15.3 MPal/2), including hexanes (8uex = 14.9 MPal/2),
cyclohexane (8cu = 16.8 MPal/2), butyl acetate (8Buoac = 17.6 MPal/2) and ethyl
acetate (Oetoac = 18.1 MPal/2) (Table S6. 2). The majority of solvents studied were
not sufficiently selective for the PDMS block and aggregation of the PDOF block
(6pr = 18.6-19.0 MPal/2) was not observed. The only instance some fibrous
aggregates were observed was in THF and cyclohexane mixtures. Cyclohexane
(CH) was added dropwise (over ca. 2 minutes) to solutions of PDOF12-b-PDMS147
in THF. In THF:CH (3:2, v/v), unimeric species and small spherical aggregates
were observed by TEM (Figure S6. 10a). At a slightly higher content of PDMS
selective solvent in THF:CH (2:3, v/v) fibrous bundles of ribbon-like structures
and small irregular aggregates were detected (Figure S6. 10b). From these
observations the small difference in the solubility of PDOF and PDMS coblocks
prevents efficient crystallization of the PDOF core block in solvents selective for

PDMS.

6.3.5. Attempted Seeded Growth of PDOF Diblock Copolymers

‘Living’ CDSA protocols typically consist of a sonication step to fragment
the long polydisperse fiber-like micelles initially formed by the self-nucleation of
BCPs in solution. This generates short micelles of low length dispersity that can
seed the epitaxial growth of added unimer. However, seeds can also be generated
without the need for sonication through direct self-nucleation in appropriate
solvent systems.374849 Short fibers (Ln < 100 nm) formed by the direct dissolution
of PDOF12-b-PNIPAMss in different solvent mixtures (e.g.
toluene/THF:iPrOH/MeOH/DMF mixtures) were observed to have low length
dispersity (Lw/Ln < 1.20) and were therefore suitable for use as seed micelles
without the need for sonication (Scheme 6. 2a). Rapid self-nucleation of PDOF12-
b-PNIPAMse7 BCP occurs in these solvent mixtures when the ratio of poor solvent
to common solvent is high (> 1:1, v/v). For seeded growth experiments iPrOH was

chosen as the selective solvent for PNIPAm. This solvent was expected to be
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advantageous for suppressing self-nucleation of the added BCP unimer as the
solubility parameter of iPrOH is more similar to that of PDOF than those for the
other polar solvents (Table S6. 1 and Table S6. 2).

In an example of a seeded growth experiment, first seed micelles were
prepared by adding iPrOH (PNIPAm selective solvent) dropwise to a stirred
solution of PDOF12-b-PNIPAMss at 20 °C in THF (common solvent) until a ratio of
1:9 (v/v) was reached. After ageing for 1 day at 20°C the formation of short low
length dispersity fiber-like micelles (Ln = 19 nm, Lw/Ln= 1.05) was observed from
TEM analysis (Figure S6. 11b, d). The THF content was then increased to 20 %
(v/v) in order to minimise any self-nucleation events during the addition of
unimer. BCP unimer in THF was added in one rapid injection to a diluted solution
of the seed micelle sample. The resulting sample was aged at 30°C for 24 h before
analysis by TEM (Figure S6. 11c). Seeded growth was performed at 30 °C instead
of 20 °C as the PDOF12-b-PNIPAMss unimer solution is more colloidally stable and
this should suppress homogenous nucleation further. Although a slight increase
in the number-average contour length of the fibers was observed (Ln = 25 nm,
Lw/Ln = 1.10) significant self-nucleation of the added unimer was evident. A
bimodal contour length distribution was observed, with the lengths of the two
different populations of micelles centering at 19 and 27 nm (Figure S6. 11e). From
this data we postulate that homogenous nucleation of the added unimer is rapid

and is still favoured over epitaxial growth from the termini of the pre-existing seed

micelles.
(a) . THF:EtOH (1:9)
{ -~ =—— =
PDOF-b- . Monodisperse*

unimers fibers

ﬁ- BCP unimer

=
PDHF-b-P2VP Polydisperse micelles seed micelles Monodisperse-
unimers B-A-B fibers

Scheme 6. 2: Schematic representation of the attempted preparation of low dispersity (a) PDOF-
b-PNIPAm fibers by homoepitaxial seeded growth of PDOF-b-PNIPAm unimer from PDOF-b-
PNIPAm seed micelles and (b) B-A-B nanofibers by heteroepitaxial seeded growth of PDOF-b-
PNIPAm unimers from PDHF-b-P2VP seed micelles. A = PDHF-b-P2VP and B = PDOF-b-PNIPAm.
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We have shown that seeded growth can be applied to a range of PDHF-
based BCPs to yield low dispersity fibers. In chapter 3 in particular, we present
the preparation of pentablock comicelles by homoepitaxial growth of BCPs with
different corona-forming blocks from the termini of PDHF-b-P2VP (P2VP =
poly(2-vinylpyridine) seed micelles. The wide scope of the ‘living’ CDSA of PDHF-
based materials is encouraging for potential coassembly with other BCPs with
different crystallizable core-forming blocks, a process termed heteroepitaxial
seeded growth. The preparation of 1D fibers and 2D platelets of controlled
dimensions with segmented cores has been achieved via the heteroepitaxial
‘living’ CDSA of poly(ferrocenyldimethylsilane) (PFDMS) and
poly(ferrocenyldimethylgermane) (PFDMG) BCPs.50-52 Following on from this
work we sought to investigate the preparation of fibers with segmented -
conjugated cores by using PDHF-based fibers to seed the growth of PDOF BCP
unimers (Scheme 6. 2b).

First, long polydisperse PDHF-based fibers were prepared by adding MeOH
dropwise (over ca. 2 minutes) to a solution of PDHF17-b-P2VP250 unimers in THF
toreacha 1:1 (v/v) ratio. The polydisperse fibers were then subjected to vigorous
sonication for 2 h at 0 °C followed by annealing at 45 °C for 1 h to further increase
the crystallinity of the fiber cores and then slow cooling to 20 °C. This resulted in
short low dispersity micelles (Ln = 40 nm, Lw/Ln = 1.15) observed by TEM. Longer
seed micelles (Ln = 188 nm, Lw/Ln = 1.10) were then prepared by the seeded
growth of PDHF17-b-P2VP250 unimer from these short seed micelles (Figure Sé6.
12b, d).

The seeded heteroepitaxial growth of PDOF12-b-PNIPAMss BCPs from these
PDHF17-b-P2VP2s50 seeds was attempted. PDOF12-b-PNIPAMe7 unimer (unimer-to-
seed ratio = 5) in THF was added in one quick injection to a diluted sample of
PDHF17-b-P2VP250 seed micelles in THF:MeOH (1:1, v/v) followed by rapid
shaking for 10 s and aging at 30 °C for 24 h. TEM analysis of the sample revealed
no significant change in the seed micelle lengths (Ln = 170 nm, Lw/Ln = 1.19) but
revealed the presence of a population of shorter micelles. Analysis of the sample
revealed a bimodal contour length distribution, with the lengths of the two
different populations of micelles centering at 80 nm and 200 nm (Figure S6. 12c,

e). The lack of micelle growth observed is likely due to the rapid homogenous
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nucleation of the PDOF BCP which is favoured over epitaxial growth from the
PDHF seed micelle ends. This is further supported by the increase in length
dispersity (Lw/Ln = from 1.10 to 1.19) observed and the increase in the standard
deviation relative to Ln (6/Ln = from 0.32 to 0.44). Combined, this data suggests
the presence of new shorter fibers formed by self-nucleation and limited epitaxial
growth from the seed micelles.

Further attempts to promote homoepitaxial growth (from PDOFi2-b-
PNIPAMss seeds) and heteroepitaxial growth (from PDHF17-b-P2VP2s50 seeds)
were unsuccessful. The seeded growth experiments were performed at higher
temperatures (30 - 45°C) and in different solvent mixtures with high common

solvent contents but homogenous nucleation was not suppressed.
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6.4. Summary

For the potential use of polyfluorene-based nanowires in optoelectronic
devices, the presence of B-phase regions is desirable. Even at small contents of the
B-phase, improved photoluminescence and electroluminescence efficiencies have
been reported for polyfluorene materials. 22-24 [n this chapter we have presented
a new route towards the preparation of 3-phase containing nanofibers. Previous
synthetic methods for the preparation of [(-phase nanofibers include
electrospinning and melt or solution-assisted template wetting. From these
methods up to 21 % B-phase content was observed in PDOF homopolymer
nanowires. Herein, we have applied solution self-assembly protocols to prepare
nanofibers from PDOF-based BCPs. B-phase content in the fiber cores was
enhanced to up to 32 % by using higher ratios of corona-selective solvent to
common solvent. We have shown that low dispersity nanofibers can be prepared
by a direct dissolution method. However, the attempted use of ‘living’ CDSA to
prepare low dispersity fibers of tunable lengths via epitaxial seeded growth was
unsuccessful.

In future work, the solution self-assembly of PDOF-based BCPs with
alternative polymer coronal blocks, such as poly(2-vinylpyridine) or polystyrene
and terminal charged groups, such as phosphonium or ammonium-based cations,
could be investigated for the preparation of long fiber-like micelles via ‘living’
CDSA. After optimization of the type of coronal group (including degree of
polymerization and core-to-corona block ratio), modified seeded growth or self-
seeding protocols could be attempted to try and yield low dispersity nanofibers of
different lengths. Potential modifications could include adding seed micelles to a
supersaturated solution of unimer at an elevated temperature followed by slow

cooling to suppress self-nucleation events.>3
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6.5. Supporting Information

6.5.1. Materials and Methods

All reagents and solvents used for polymers synthesis were of reagent
grade, and unless otherwise stated and were used as received. Solvents for self-
assembly were of HPLC grade and filtered using 0.2 um syringe filters prior to use.
The synthesis of PDHF17-b-P2VP2s0 has been reported in Chapter 3 and is not
described here. Poly(ethylene glycol) methyl ether tosylate (Mn = 5000 Da) was
purchased from Sigma Aldrich and used as received in the synthesis of PEG-azide.

Nuclear magnetic resonance (NMR). 'TH NMR spectra were taken with a
Varian 400 MHz spectrometer; chemical shifts were referenced to the residual
solvent peak (CHCls, & = 7.26 ppm).

Gel Permeation Chromatography (GPC). measurements were conducted on
Viscotek GPCmax equipped with a UV detector operating at 400 nm and a
refractometer. Measurements were carried out at 1.0 mL min! with THF
containing [nBu4N]Br (0.1% w/w) as the eluent at 35°C, results were measured
against polystyrene standards (Viscotek).

Matrix-Assisted  Laser  Desorption/lonization  Time-Of-Flight = Mass
Spectrometry (MALDI-TOF MS). Measurements were conducted on a Bruker
Ultraflex II ToF spectrometer under the reflector positive ion regime. Samples
were prepared with a 9:1 ratio of trans-2-[3-(4- tert-butylphenyl)-2-methyl-2-
propenylidene]malonitrile matrix (20 mg mL-! in THF) to polymer solution (0.2
mg mL-1in THF), then 5 L of the sample was deposited onto the sample plate and
dried under ambient conditions.

Transmission Electron Microscopy (TEM). Samples were prepared by drop
casting 10 pL of the nanofiber solution onto a carbon-coated copper grid (Agar
Scientific, mesh size 200). Bright-field TEM micrographs were taken using a JEOL
JEM 1011 EX microscope operating at 80 kV, equipped with a 11M pixel CCD
camera. Micelle length distributions were determined using the software program
Image] developed at US National Institute of Health. A minimum of 300 micelles
are traced to determine their contour length and histograms of the length

distributions obtained. This data allows for calculation of the number average
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length (Ln), weight average length (Lw) for each sample, this is calculated as shown
below (L =length of fiber, N = number).

n n 2
_ iz Nily _ iz Nily
n — n w n
i=1 N; i=1 Ni L;

Spectroscopic Measurements. UV /vis data were obtained on a Lambda 35
Spectrometer employing glass cells (1 cm x 1 cm) from 200 to 800 nm.
Fluorescence data were obtained on a PTI QM40 Spectrofluorometer using an

excitation wavelength of Aext at 380 nm.

6.5.2. Synthesis of alkyne-terminated PDOF12

HF0h
12

Alkyne-terminated PDOF was synthesized by Grignard Metathesis
polymerization (GRIM). 2-Bromo-7-iodo-9,9-bis-n-octyllfluorene was synthesised
according to the reported procedure.5* 2-Bromo-7-iodo-9,9-bis-n-octylfluorene
(700 mg, 1.18 mmol) was dissolved in 10 mL of anhydrous THF. The resulting
solution was cooled to -20°C before 1.3 M iPrMgCl.LiCl complex (1 eq.) was added
dropwise, then the solution was left to stir for 90 min at -78°C. The activated
solution of 2-bromo-7-iodo-9,9-bis-n-octylfluorene monomer was added in one
quick injection to a stirring solution of Ni(dppp)Clz (31.8 mg, 0.059 mmol) in
anhydrous THF (100 mL) at 0°C. After 15 mins, 0.5 M ethynylmagnesium bromide
(3 mL, excess) was added to the reaction mixture which was then stirred for 1 h.
The resultant mixture was then precipitated into MeOH to quench any unreacted
Grignard, giving a yellow solid. The polymer was then dissolved in DCM, washed
with water several times then with saturated NaCl solution before drying with
anhydrous MgS04. After filtration, the solution was concentrated in vacuo before
precipitation in MeOH to afford a bright yellow solid. Further purification by
Soxhlet extraction in ethyl acetate followed by chloroform gave the purified
polymer as yellow solid, yield = 155 mg, 45 %. GPC (THF containing [nBus4N]Br
(0.1 % w/w), 1 mL min-1): Mn= 7.6 kDa, Mw = 9.3 kDa, Mw/Mn = 1.22. 1H NMR (500
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MHz, CDCI3) ppm o = 7.62-7.91 (m, 72 H, polyfluorene aromatic), 3.16 (s, 1 H,
alkyne), 2.13 (brs, 47 H, polyfluorene-(CH2)x2), 0.72-1.31 (m, 363 H, polyfluorene-
(CH2x 6) x 2 and (CH3) x 2).

6.5.3. Synthesis of azido-functionalized PDMS

| | N3
C4H9+S|i—o%sli—/
152

Azido-functionalized PDMS was synthesized by anionic polymerization of
hexamethylcyclotrisiloxane as according to literature procedures.5>
Hexamethylcyclotrisiloxane (1.78 g, 8 x 10-3 mol) was first dissolved in 8 mL of
dry THF. The mixture was then stirred rapidly and nBuLi (1.6 M in cyclohexane)
(100 pL, 1.6 x 10-* mol) was added in one quick injection. The reaction was left to
stir  for 2.5 h at 20°C  before being quenched  with
(bromomethyl)chlorodimethylsilane (0.25 g, excess). The polymer was purified
by repeated precipitation into MeOH to afford a clear viscous liquid. Bromo-
functionalized PDMS was then converted to azido-functionalized PDMS. To a
stirring solution of the polymer (1.44 g, 1.32 x 10-* mol) in 20 mL of THF, sodium
azide (160 mg, 2.46 x 10-3 mol) and tetrabutylammonium bromide (793 mg, 2.46
x 10-3 mol) were added. The resulting solution was stirred for 48 h at 40°C. The
solution was then washed with water several times then with saturated NaCl
solution before drying with anhydrous MgS04. After filtration, the solution was
concentrated in vacuo before precipitation in MeOH to afford azido-functionalized
PDMS as a clear viscous liquid, yield = 1.23 g, 85 %. GPC (THF containing
[nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 13.2 kDa, Mw = 14.8 kDa, Mw/Mn = 1.12.
1H NMR (400 MHz, CDCI3) ppm 6 = 2.74 (s, 2 H, CH2N3), 1.27 (m, 4 H, (CH2)2CH3),
0.88 (t, 3 H, CH3), 0.53 (m, 2 H, CH2(CH2)2CH3) and 0.00-0.24 (m, 912 H, CH3SiCH3).
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6.5.4. Synthesis of azido-functionalized PNIPAm
0
Br

Azido-functionalized PNIPAm was synthesized by atom transfer radical
polymerization of N-isopropylacrylamide as according to literature procedures.>¢
A  mixture of N-isopropylacrylamide (1 g 8.83 x 103 mol), 4-
(azidomethyl)benzyl2-bromo-2-methylpropanoate (27.6 mg, 8.83 x 10-> mol),
DMF (1 mL) and H20 (2 mL) was subjected to three consecutive freeze pump thaw
cycles. A solution of pre-mixed CuBr (12.7 mg, 8.83 x 10-5> mol), MesTREN (20.3
mg, 8.83 x 10-°>mol) and anhydrous DMF (1 mL) was added in one quick injection
to the degassed monomer and initiator mixture under rapid stirring at room
temperature. After 10 mins, the reaction was quenched by exposure to air and
dilution with THF. The resulting mixture was precipitated in diethyl ether (under
vigorous stirring), redissolved into THF and filtered through a basic alumina plug
to remove residual copper salts. The solution was concentrated in vacuo before
repeated precipitation in diethyl ether was carried out to afford azido-
functionalized PNIPAm as a white solid, yield = 536 mg, 52 %. GPC (THF
containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 29.2 kDa, Mw = 34.2 kDa,
Mw/Mn = 1.17.

6.5.5. Synthesis of block copolymers via CuAAC click reactions

Homopolymers prepared by different polymerization methods can be
coupled by using a copper-catalyzed azide-alkyne cycloaddition (CuAAC) click
reaction.>> This method has been particularly effective at preparing BCPs that
contain a m-conjugated polymer block, synthesized via GRIM, and other polymer
blocks prepared by living anionicc RAFT and ATRP polymerization
techniques.#?57-60 [n a typical procedure alkyne-terminated m-conjugated
polymer and azido-terminated homopolymer are dissolved in THF and subjected
to three consecutive freeze pump thaw cycles. CuBr (excess) and PMDETA

(excess) are premixed in anhydrous THF and then added to the polymer solution.
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The reaction mixture is then heated to 45°C and stirred for 48 h. To remove
residual copper salts the reaction mixture is then filtered through a basic alumina
column. Additional purification steps to remove residual homopolymers are

specific to the diblock copolymer and are described below.

PDOF12-b-PNIPAMssg

PDOF12-b-PNIPAmss was synthesized by an analogous method to that
mentioned above. Additional purification involved repeated precipitation of a
solution of the polymer (in THF) into cold MeOH to remove any residual PNIPAm
homopolymer. Residual alkyne-terminated PDOF was removed by silica gel
chromatography) eluent chloroform 100 %), then the diblock copolymer was
collected using a mixture of chloroform and methanol (9:1, v/v) as the eluent. One
of the collected fractions was used for further studies and was precipitated into
cold MeOH which gave the final product as a pale yellow solid, yield = 41 mg, 28
%. GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1): Mn = 33.2 kDa, Mw
= 36.5 kDa, Mw/Mn = 1.10. 1H NMR (400 MHz, CDCI3) ppm & = 7.65-7.88 (m, 74 H,
polyfluorene aromatic), 5.10 (s, 2 H, CH20), 4.00 (brs, 58 H, polynipam-CH).

PDOF12-b-PDMS147

PDOF12-b-PDMS147 was synthesized by an analogous method to that
mentioned above. Additional purification involved using preparative size
exclusion chromatography (eluent THF) to remove any unreacted homopolymers,

yield = 42 mg, 25 %. GPC (THF containing [nBusN]Br (0.1 % w/w), 1 mL min-1):
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Mn = 15.8 kDa, Mw = 18.0 kDa, Mw/Mn = 1.14. 'H NMR (400 MHz, CDCls3) ppm 6 =
7.65-7.88 (m, 74 H, polyfluorene aromatic) and 0.00-0.24 (m, 883 H, CH3SiCH3).

PDOF12-b-PEG113

PDOF12-b-PEG113 was synthesized by an analogous method to that
mentioned above. Additional purification involved repeated precipitation of a
solution of the polymer (in THF) into cold MeOH to remove any residual PEG
homopolymer. Residual alkyne-terminated PDOF was removed by silica gel
chromatography) eluent chloroform 100 %), then the diblock copolymer was
collected using a mixture of chloroform and methanol (9:1, v/v) as the eluent. One
of the collected fractions was used for further studies and was precipitated into
cold MeOH which gave the final product as a pale yellow solid, yield = 37 mg, 31
%. GPC (THF containing [nBus4N]Br (0.1 % w/w), 1 mL min-1): Mn = 18.5 kDa, Mw
= 21.3 kDa, Mw/Mn = 1.15. 1H NMR (500 MHz, CDCI3) ppm & = 7.65-7.88 (m, 71 H,
polyfluorene aromatic), 3.65 (s, 453 H, polyethylene glycol-(CHz) x 2) and 3.39 (s,
3 H, polyethylene glycol-CH3).
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6.5.6. Supplementary Figures
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Figure S6. 1: MALDI-TOF mass spectrum of alkyne-capped PDOF12. The mass of each PDOF repeat
unit is 388 g molL.
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Figure S6. 2: GPC traces (UV response at A = 380 nm) eluted in THF containing [nBusN]Br (0.1 %
w/w) (1 mL/min) at 35°C of PDOF12 homopolymer (blue traces), (a) PDOF12-b-PNIPAmss (yellow
trace),(b) PDOF12-b-PDMS147 (red trace)and (c) PDOF12-b-PEG113 (grey trace).
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Table S6. 1: Hildebrand solubility parameter of homopolymers.61-63

Polymer 8 (MPa)1/z
Poly(di-n-octylfluorene) 18.6 - 19.0
Poly(dimethylsiloxane) (PDMS) 15.3
Poly(ethylene glycol) (PEG) 214
Poly(N-isopropylacrylamide) (PNIPAm) 24.8
Table S6. 2: Hildebrand solubility parameter of solvents.t4
Solvent 8 (MPa)1/2
MeOH 29.7
DMSO 26.4
EtOH 26.0
MeCN 24.8
DMF 24.7
iPrOH 23.5
THF 18.5
Toluene 18.3
EtOAc 18.1
BuOAc 17.6
Cyclohexane 16.8
Decane 15.8
Hexane 14.9
1
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Figure S6. 3: DSC thermograph of PDOF12 homopolymer showing the T. (46°C)and Tm (120°C).

270

Chapter 6



Chapter 6

1 - B
(a) 7 (b) -
7 1:1 1] 1:2
%'
~ 0.8 fﬁ —~ 08
El o Ln 62 nm S Ln 24 nm
H
s ;gg A
2%
3 7 - 82 nm 3 i 26 nm
g 0.8 - %é 3 0.6 -
7%
g g% LyfLn 1.31 g LufLn 1.08
[ L,
oy 3
& o4+ g%?? o 35 & 04 o 7
e 1, 2
3 5??25;% ofl, 0.56 s afl, 0.28
024 Wit 0.2
s nnas
Hav iy
A\
o JL AL 2 0 e
0 100 200 300 400 500 100 200 300 400 500
Contour Length (nm) Contour Length (nm)
(c) (d) -
1:3 1 1:4
3 . .
®08 .08 -
= Ln 51 nm F Ln 22 nm
2 K]
@
s -
Zos fien 61 nm §0.6 | Ly 25 nm
w =2
b LyfLn 1.18 E ] LufLn 1.12
N
= b=
£ 041 o 22 8041 c 8
[+] @
z £
ofl, 0.43 5 afl, 0.35
024 Z 524
0 : v v y @ T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Contour Length (nm) Contour Length (nm)
14 19 ?
# |
(e) 1:5 ;; 1:9
¥
— 08 —~ 0.8 z;
= = Fd
s L, 99 nm K ?? Ln 36 nm
5 5 |17
506 i 108 nm < 06 4 gé L 49 nm
= {-
o T 24
o
£ Lu/Ln 1.10 g ?5?? LwfLn 1.36
o =3 b
04 4 @ 04 |l
8 o 29 g o 22
& £ |
£ E Erii
2., ofLn 0.30 3 ggg; ofln 0.60
2 0.2 o pves
i
KAy
9777
{ B
ozhe
— i
0 B T — T 0—11."-.,.,.,......-
0 200 300 400 500 0 100 200 300 400 500
Contour Length (nm) Contour Length (nm)

Figure S6. 4: Histograms representing contour length distributions of nanofibers prepared by the
CDSA of PDOF12-b-PNIPAmss in Tol:DMF (a) (1:1, v/v), (b) (1:2, v/v), (c) (1:3, v/v), (d) (1:4, v/v),
(e) (1:5, v/v) and (d) (1:9, v/v). Sample were heated to 140°C for 30 min, cooled to and held at
110°C for 4 h before slow cooling to 20°C and ageing for 24 h.
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Figure S6. 5: UV-vis spectra of PDOF12-b-PNIPAmsg in different ratios of Tol:DMSO (v/v).
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Figure S6. 6: Optical spectroscopy data of PDOF12-b-PNIPAmss unimers in THF and micelles in
THF: iPrOH (1:9, v/v). UV-vis spectra (dashed traces) and photoluminescence spectra (solid
traces) of unimers in THF (grey traces) and micelles in THF: iPrOH (1:9,v/v) (blue traces).
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Figure S6. 8: TEM images of PDOF12-b-PNIPAMss in THE:MeCN (5:4, v/v) and in (b) THF:MeOH
(5:4, v/v). Samples were prepared (at 20°C) by adding MeCN/MeOH dropwise to a solution of

PDOF-b-PNIPAm in THF till a ratio of 5:4 (v/v) ratio. The samples were then cooled to -20°C, aged

for 3 h before warming to 20°C and ageing for 24 h.
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THF: iPrOH (1:9)

Figure S6. 9: TEM images of PDOF12-b-PEG113 in (a) THF:MeOH (1:1, v/v) and in (b) THF:iPrOH
(1:9, v/v).

THF: CH (2:3)

Figure S6. 10: TEM images of PDOF12-b-PDMS147 in (a) THF:CH (3:2, v/v) and in (b) THF:CH (2:3,
v/v).
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Figure S6. 11: (a) Schematic representation of the attempted preparation of low dispersity
PDOF12-b-PNIPAmss fibers by homoepitaxial seeded growth of PDOF12-b-PNIPAmez unimer from
PDOF12-b-PNIPAmsg seed micelles. TEM image of (b) PDOF-b-PNIPAm seed micelles (Ln = 19 nm,
Lw/Ln = 1.05) prepared in THF:iPrOH (1:9, v/v) and (d) corresponding histograms representing
the contour length distribution of the nanofibers. TEM image of (c) nanofibers (Ln = 25 nm, Lw/Ln
=1.10) prepared by the seeded growth of PDOF12-b-PNIPAmss unimer from seed micelles (Ln = 19
nm, Lw/Ln = 1.05) in THF:iPrOH (1:4, v/v) and (d) corresponding histograms representing the
contour length distribution of the nanofibers. Scale bars: 500 nm.
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Figure S6. 12: (a) Schematic representation of the attempted preparation of low dispersity B-A-B
nanofibers by heteroepitaxial seeded growth of PDOFi12-b-PNIPAmss unimers from PDHF17-b-
P2VP2s0 seed micelles. A = PDHF17-b-P2VP2s0 and B = PDOF12-b-PNIPAmss. TEM image of (b)
PDHF17-b-P2VP2s0 seed micelles (Ln = 188 nm, Lw/Ln = 1.10) prepared in THF:MeOH (1:1, v/v) and
(d) corresponding histograms representing the contour length distribution of the nanofibers. TEM
image of (c) nanofibers (Ln = 170 nm, Lw/Ln = 1.19) prepared by the seeded growth of PDOF12-b-
PNIPAmsg unimer from PDHF17-b-P2VP250 seed micelles (Ln = 188 nm, Lw/Ln=1.10) in THF:MeOH
(1:1, v/v) and (d) corresponding histograms representing the contour length distribution of the
nanofibers. Scale bars: 2 um.
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Chapter 7

Conclusions, Future Work and Outlook

7.1. Conclusions

Work presented in this thesis has demonstrated the scope and versatility
of the crystallization-driven self-assembly (CDSA) of polyfluorene-containing
polymers. It has been demonstrated that a variety of different nanoscale
heterojunction styles can be constructed. Crystalline poly(di-n-hexylfluorene)
was used as a donor material and compromised the core of the nanofibers. Solid-
state heterojunctions were fabricated with crystalline polymeric acceptor regions
located coaxially along the fiber core or at different points in segmented fibers. It
has also been shown that hybrid heterojunction conjugates can be easily
constructed via attachment of quantum dots or rods to functional coronal regions
on segmented PDHF nanofibers. Efficient energy funneling through the fiber core
towards the attached quantum rods on the fiber termini was realized. Detailed
transient absorption measurements revealed that this energy funneling led to a 4-
fold enhancement in the emission of the acceptor-based quantum rods.
Additionally, the high energy transfer efficiency (70 %) in this hybrid system is
very promising and opens up a facile route towards preparing a variety of
different hybrid materials. Modification of the conjugated polymer core-forming
block and the attached nanoparticles should enable the construction of a wide
range of nanoscale heterojunction materials with tunable optical and/or

electronic properties.

In the latter Chapters of this thesis the preparation of other micelle
morphologies and core-forming blocks has been demonstrated. For the first time

the formation of large 2D platelet micelles and one-handed helical micelles
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through the CDSA of amphiphilic polyfluorene materials has been demonstrated.
These morphologies may offer different electronic properties to the 1D nanofiber
morphology. Finally, we show that CDSA also enables enhancement of the content
of the highly ordered B-phase when compared to other techniques for the
preparation of polyfluorene nanofibers.

All these results demonstrate the advantages of the CDSA method for the
fabrication of a variety of precisely ordered nanomaterials with desirable
structural, chemical and electronic properties. Ultimately, for the use of these
materials in applications we need to expand the scope of materials that we can use

as the crystallizable core-forming block.

7.2. Future Work

Following on from the results presented in this thesis a number of future

research directions could be pursued and are outlined below:

7.2.1. Investigations of Low Bandgap and N-Type m-Conjugated Polymers
for CDSA

During the development of functional materials through the CDSA of m-
conjugated polymers, our group and multiple other groups have focussed on p-
type polymers amongst which polythiophenes, polyfluorenes and poly(p-
phenylenevinylene) are the most studied. We have shown that fibers with a p-type
crystalline core exhibit modest charge-carrier mobilities and exceptional exciton
diffusion properties.l2 In Chapter 2, we reported a route towards fabricating
solid-state heterojunction nanowires. We use a proof-of-concept system with two
different p-type conjugated polymers. For the realization of high-performance
electronic devices based on nanowires prepared by CDSA we need to consider
other semiconducting conjugated polymers. Future research efforts will focus on
preparing fibers with crystalline cores from the CDSA of n-type conjugated
polymers and subsequently p-n heterojunction nanostructures. The main
challenge for this research direction is the synthesis and purification of low molar
mass dispersity n-type polymers, an essential prerequisite for living CDSA.
Pyridine flanked diketopyrrolopyrrole-based conjugated polymers are attractive

potential candidates for the realization of n-type crystalline core nanofibers with
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exceptionally high electron mobility (up to ca. 2.45 cm? V-1 5-1).34 The origin of this
desirable electron transport behaviour was attributed to the high crystallinity of
the polymer. If fibers with an n-type crystalline core can be prepared via CDSA we
could fabricate n-channel organic field effect transistors or all-polymer

photovoltaic cells composed of p-type and n-type crystalline fibers.5

7.2.2. 2D Seeded Growth of m-Conjugated Polymeric Amphiphiles

In Chapter 5, large 2D platelets with a PDHF core formed via CDSA was
presented. Seeded growth experiments in solvent systems suitable for the
formation of platelets via self-nucleation showed that epitaxial growth
preferentially occurs in one direction (plane associated with n-m stacking). Future
work could focus on further optimization of the seeded growth protocol to
promote lateral epitaxial growth from seed micelles. The rate of epitaxial growth
in the m-mt stacking plane needs to be similar to that in the alkyl side-chain stacking
plane for the realization of 2D platelets of controlled size and tunable areas.
Ongoing and future work will also focus on investigating the exciton diffusion
properties of the 2D PDHF platelets. These materials could be useful for light
harvesting applications if we can find an optimal route to integrate the micelles

into photovoltaic devices (vide infra).

7.2.3. Further Investigations into Heterojunction Conjugates

In Chapter 3, we show that quantum nanostructures can be attached via
electrostatic interactions to quaternized polyfluorene coronal regions in fiber-like
micelles with PDHF crystalline cores. On excitation of the PDHF core, the absorbed
energy can be funneled to the attached quantum rods. This methodology can also
be applied to the scarf-like micelles prepared in Chapter 5. Quantum
nanostructures could be attached to the central 2D seed composed of the charge-
capped PDHF homopolymer. Energy could be funneled through the multiple
tassels (antennae) towards the central segment and then transfer to nanoparticles
attached via electrostatic interactions. These scarf-like micelles could also be the
ideal type of architecture for the preparation of conjugated polymer-based micelle
brushes from a surface.® Attachment of the flat 2D seed to a substrate via
electrostatic interactions and using seeded growth to grow multiple antennae

from a single seed could be explored in future work.
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Furthermore, ongoing work is also focussed on combining the optical
properties of magnetic nanoparticles (plasmonics) or up-converting
nanoparticles with the exceptional energy funneling properties of nanofibers
prepared by CDSA. Hybrid plasmonic materials are particularly attractive for the
conversion of electromagnetic radiation into electric current.” Plasmonic metal
nanoparticles can convert radiation into electron-holes and the semiconducting
conjugated nanofiber could extract the hot carriers. Such a system is desirable for

photovoltaic and photodetection applications.

7.2.4. Development of Chiral Hybrid Plasmonic Materials

In Chapter 4, we present a route towards the formation of helical fibers
with controlled lengths and handedness. The uniform helical nanofibers
presented were composed of a PDHF core, chiral conjugated (S-) poly(di-n-(3,7-
dimethyoctane)fluorene) ((S-) PDCF) coronal regions, and poly(N-
isopropylacrylamide) (PNIPAm) polar coronal regions. Attachment of metallic
nanoparticles (NPs) to these fibers could be facilitated by non-covalent
interactions with the (S-)/(R-) PDCF block (Figure 7. 1a). The twisted
conformation of the nanofiber could act as a scaffold for the helical arrangement
of metallic nanoparticles (Figure 7. 1b) 8-10 This work could pave the way towards
the preparation of precisely ordered chiral hybrid plasmonic materials. Resonant
interactions between the neighbouring metallic NPs arranged in a helical

conformation should result in a significantly enhanced chiral optical response.
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Figure 7. 1: (a) Schematic representation of the preparation of metal nanoparticle-1D helical
conjugated nanofiber hybrid. (b) Illustration of the helical arrangement of metallic nanoparticle
(NP) templated by the nanofiber. Plasmonic resonance exhibited by the metallic NPs is depicted
by the pink regions

7.2.5. Integration of Nanowires Prepared by Living CDSA into Electronic
Devices

Previously, the integration of polythiophene-based nanofibers prepared by
CDSA into a field effect transistor device has been shown.! Results based on this
work indicated that future research will need to focus on the efficient attachment
of fibers to a substrate in order to achieve desirable device performance. In this
thesis and in previous work it has been demonstrated that we can exercise
remarkable control over the structure of fibers prepared by living CDSA. The next
major research goal in this field is to optimize device fabrication using these
materials. Preliminary work could focus on the attachment of m-conjugated
nanofibers to a silicon substrate, similar to what has been already achieved for
PFS-based micelles.6 This methodology should provide an efficient route to the

energetic coupling of nanofibers with electrode layers.
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7.3. Outlook

Living CDSA presents an exciting route towards the fabrication of advanced
nanomaterials with precisely controlled dimensions. Such materials possess
advantageous properties that could meet the needs of emerging technological
applications.11 Current limitations include the scope of the crystallizable core-
forming block and the heteroepitaxial seeded growth process. Although several
different functional materials have been investigated including a variety of
semiconducting and biodegradable polymers we need to continue investigating
other functional core-forming blocks in order to use these nanomaterials for real-
world applications. Finally, the construction of size- and shape-controlled
nanostructures via living CDSA will continue to be important in material design
for applications in areas such as therapeutics, bioimaging, electronics, and

photocatalysis.11213
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