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Abstract

At the micro- and nanoscale, mimicking the level of complex organization observed in
nature is difficult, and reproduction of these materials has been a key challenge in the fields of
materials science and synthetic chemistry. Solution self-assembly of amphiphilic block
copolymers (BCPs) is a promising route towards the construction of nanoscale assemblies with
various sizes, morphologies, and material properties. Living crystallization-driven self-assembly
(CDSA) of polymers with a crystallizable core-forming block has emerged as a valuable method
to exert control over the dimensions of one- and two-dimensional (1D and 2D) nanostructures.

This method reliably produces nanostructures with predictable sizes and low size distributions.

Due to the variety of BCPs capable of crystallization, a wide array of hierarchically
organized nanostructures have been fabricated which show promising potential for application to
a broad assortment of fields such as optoelectronics, biomedicine, and catalysis. The work
presented in this thesis focuses on expanding the library of materials known to be compatible with
living CDSA by introducing a new crystallizable n-conjugated core-forming block. This work also
seeks to extend controlled self-assembly techniques in systems where precise nanoscale control is
highly sought-after and deepen our understanding of the processes that govern n-conjugated block
copolymer self-assembly by establishing structure-property relationships; the practical realization

of which are all key goals in modern energy, materials, and nanoscience research.
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(c) 16, and (d) 20. (e) Plot showing the dependence of P3EHT23-b-PEG113 nanofiber length (Ly)
on unimer-to-seed ratio (Munimer/Mseed) When self-nucleation suppressed seeded growth at 30 °C
was used. Error bars represent standard deviation.............cccooveiieiiie i 71



Figure 2.8. Cartoon schematics showing P3EHT23-b-PEG113 nanofiber growth using (a) self-
seeding and (b) self-nucleation suppressed self-seeding with 30 °C as a self-nucleation suppression
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Figure 2.9. TEM images of P3EHT23-b-PEG113 nanofibers generated using self-seeding in 1:1
nBuOH:MeOH when solutions were cooled from (a) 67 °C, (b) 70 °C, (c) 72 °C directly to 22 °C
and aged at 22 °C for 24 h. TEM images of P3EHT23-b-PEG113 nanofibers generated using self-
nucleation suppressed self-seeding in 1:1 nBuOH:MeOH when solutions were cooled from (d) 67
°C, (e) 70 °C, (f) 72 °C to 30 °C, aged at 30 °C for 24 h prior to being cooled to 22 °C and aged at
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Figure 2.10. Contour length plot of P3EHT23-b-PEG113 nanofibers formed by self-seeding by
cooling from the self-seeding temperatures directly to 22 °C (blue trace) and from the self-seeding
temperatures to 30 °C and then to 22 °C (self-nucleation suppressed self-seeding) (red trace). Red
points are slightly offset by 0.2 °C for Clarity.........cccccvveii e 75
Figure 2.11. (a) Schematic showing B-A-B (P3EHT19-b-P2VP138-m-P3EHT23-b-PEG113-m-
P3EHT10-b-P2VP138) block comicelles. m = micelle segment. TEM images of length-controlled
B-A-B nanofibers. Munimer/Mseed = (b) 5, (c) 10, (d) 15, and (e) 20. (f) Zoomed in TEM image of
~500 nm long B-A-B (P3EHT19-b-P2VP13s-m-P3EHT23-b-PEG113-m-P3EHT 19-b-P2VP13s)
nanofibers (Munimer/Mseed = 10) showing electron density differences between the central PEG
corona and the terminal P2VP coronas. (g) Plot showing the dependence of B-A-B nanofiber
length (Ln) on unimer-to-seed ratio (Munimer/Mseed)- .« xeerereererrermeremereneeesesreseeesiesesesseseesesseseees 76
Figure 3.1. Chemical structures and molar mass characterization of synthesized polymers
analyzed by GPC and integration of proton nuclear magnetic resonance (*H NMR) spectra.
aDetermined by GPC. "Determined by relative integration of *H NMR spectrum signals. My”
values from 'H NMR signals were estimated by using Dm® obtained from GPC data and
multiplying it by Mq® values obtained by *H NMR spectroscopy according to the equation
(Pv®)(Mr?) = My°. For PPP, relative integration was performed between *H NMR signals at 2.25
ppm (s, o-tolyl CHz = 3H) and 7.08-7.00 ppm (bs, phenylene-H, = 2H). For P3HT, relative
integration was performed between *H NMR spectrum signals at 2.25 ppm (s, o-tolyl CHz = 3H)
and 7.00-6.97 ppm (bs, thiophene CH = 1H).......c.ccoiiiiiiiccece e 133
Figure 3.2. (a, b) TEM images of polydisperse P3HTgo-b-PPP3o nanofibers following solvent
evaporation. (c, d) TEM images of polydisperse P3HT3s-b-PPP1s nanofibers following solvent
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Figure 3.3. (a) Overlayed solution-phase UV/Vis absorbance plots from polydisperse P3HTgo-b-
PPP3 nanofiber solution in nBuAc (0.05 mg/mL) (red trace) and P3HTeo-b-PPP3o unimer in THF
(0.05 mg/mL) (orange trace) at 22 °C. (b) Solid-state WAXS pattern of a film of polydisperse
P3HTeo-b-PPP3o nanofibers. The film was formed by drop-casting a polydisperse nanofiber
solution (2 mg/mL) in nBuAc onto a crystalline silicon substrate. (c) Overlayed solution-phase
UV/Vis absorbance plots from polydisperse P3HT3s-b-PPP1s nanofiber solution in nBuAc (0.05
mg/mL) (red trace) and P3HT3s5-b-PPP1s unimer in THF (0.05 mg/mL) (orange trace) at 22 °C. (d)

Solid-state WAXS pattern of a film of polydisperse P3HT3s-b-PPP1s nanofibers. .................... 138
Figure 3.4. Plot showing the dependence of P3HT3s-b-PPP1s nanofiber length (Ln) on unimer-to-
seed ratio (Munimer/Mseed). Error bars represent standard deviation in L, measurements. ............ 144

Figure 3.5. (a) Overlayed absorbance spectra of nBuAc P3HTzs-b-PPP1s polydisperse micelle
solution (0.05 mg/mL) heated from 20 °C to 90 °C at a rate of 10 °C/min with scans taken at 5 °C
increments from 20 - 40 °C and 10 °C increments from 40 — 90 °C. (b) Overlayed solution-phase
UV/Vis absorbance plots from polydisperse P3HT3s-b-PPP1s nanofiber solutions in nBuAc (0.05
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mg/mL) used to investigate self-nucleation suppression temperatures (where a supersaturated
solution has formed after heating and cooling). (c) Cartoon schematic diagram showing self-
nucleation suppressed seeded growth using 50 °C as a self-nucleation suppression temperature.
..................................................................................................................................................... 145
Figure 4.1. TEM images of polydisperse [P3EHT23-PPhs]*Br nanoribbons in (a) 1:3 THF:MeOH
and (b) deoxygenated 1:1 nBuOH:MeOH following solvent evaporation. Inset in (b) shows 2D
nature of fabricated nanostructures. 2D seed micelles formed by ultrasonication of polydisperse
nanoribbons in (c) 1:3 THF:MeOH and (d) 1:1 nBUOH:MeOH. ...........cccevvrieiieniiie e 189
Figure 4.2. (a) Cartoon schematic showing the chain packing geometry (not drawn to scale and
bromide anions excluded) and dimensions of a [P3EHT23-PPhs]"Br  nanoribbon. (b) Cartoon
schematic showing attempted seeded growth of nanoribbons upon addition of [P3EHT23-PPhs]*Br-
unimer to 2D [P3EHT23-PPha] Br™ SEEUS. ........eeereririeierieiec et 191
Figure 4.3. Formation of 1D B-A-B ([P3EHT23-PPhs]*Br-m-P3EHT23-b-PEG113-m-[P3EHT 23-
PPhs]*Br’) comicelles (left) by addition of [P3EHT23-PPhs]*Br- unimer to P3EHT23-b-PEGi13
seeds and 1D B-C-B ([P3EHT23-PPh3]*Br-m-P3EHT19-b-P2VP13s-m-[P3EHT23-PPhs]*Br’)
comicelles (right) by addition of [P3EHT23-PPh3]"Br- unimer to P3EHT19-b-P2VP13s seeds. .. 194
Figure 4.4. TEM images of length-controlled B-A-B ([P3EHT23-PPhs]*Br-m-P3EHT23-b-
PEG113-m-[P3EHT23-PPh3]"Br") triblock comicelles prepared by the addition of [P3EHT23-
PPhs]*Br~ unimer (THF, 1 mg/mL) to P3EHT23-b-PEGu113 seeds solutions (Ln = 77 nm, 1:1
nBuOH:MeOH) at 22 °C with Munimer/Mseed = (@) 5, (b) 20, and (c) 40. (d) Plot showing the linear
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Figure 4.5. TEM images of length-controlled B-C-B ([P3EHT23-PPhs]"Br-m-P3EHT19-b-
P2VP13s-m-[P3EHT23-PPh3]"Br’) triblock comicelles made by addition of [P3EHT23-PPhs]*Br-
unimer (THF, 1 mg/mL) to P3EHT19-b-P2VP13g8 seeds solutions (L, = 38 nm, nBuOH) at 22 °C
With Munimer/Mseed = (2) 5, (b) 15, and (c) 30. (d) Plot showing the dependence of B-C-B nanofiber
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Figure 5.1. Chemical structures and molar mass characterization of the synthesized BCPs
analyzed by GPC and by integration of proton nuclear magnetic resonance (*H NMR) spectra.
aDetermined by GPC. PDetermined by relative integration of *H NMR spectrum signals. For
alkynyl-P3EHT, relative integration was performed between *H NMR signals at 2.51 ppm (s, o-
tolyl CHz = 3H) and 6.97 ppm (s, thiophene CH = 1H). CuBr = copper(l) bromide, PMDETA =
N,N,N''N",N"-pentamethyldiethylenetriamine, THF = tetrahydrofuran. ...........ccccccccceveverrnnenne. 233
Figure 5.2. TEM images of polydisperse (a) PDHF17-b-PEG27 and (b) P3EHT23-b-PEG113
nanofiber solutions following solvent evaporation. TEM images of (c) PDHF17-b-PEG227 seeds (Ln
= 47 nm, P. = 1.35) and (d) P3EHT23-b-PEG113 seeds (L, = 44 nm, B. = 1.26) formed by
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Figure 5.3. Plot showing the dependence of fiber length (L,) on unimer-to-seed mass ratio when
using solution-phase seeded growth at 22 °C from seeds of (a) PDHF17-b-PEG27 and (b)
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Figure 5.4. Surface-confined self-assembly of PDHF17-b-PEG227 on a plasma etched silicon wafer.
Cartoon schematic showing adherence of PDHF17-b-PEG227 seeds to silicon wafer surface through
hydrogen bonding to surface silanol groups and subsequent growth of nanofiber brush layers
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Figure 5.5. AFM height images of adhered (a) PDHF17-b-PEG2.7 seeds (1:1 THF:MeOH, 0.5
mg/mL) and (b) P3EHT23-b-PEG113 seeds (1:1 nBuOH:MeOH, 0.5 mg/mL) on a plasma etched
silicon wafer surface after washing with 1:1 THF:MeOH or 1:1 nBuOH:MeOH, respectively. 239
Figure 5.6. AFM height images of (a) a blank, plasma etched silicon surface and (b) PDHF17-b-
PEG227 unimer (10 pl, THF, 2 mg/mL) that was spin-coated (3000 rpm) onto a blank plasma etched
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Figure 5.7. Graph showing the comparative seed densities per 25 um? of PDHF17-b-PEG2,7 (red
triangles) and P3EHT23-b-PEG113 (orange triangles) compared to PFSss-b-P2VPso, (blue circles)
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Figure 5.8. AFM height images of PDHF17-b-PEG2.7 fibers grown from surface immobilized
seeds following washing upon addition of unimer equaling Munimer/Mseed = (@) 0.2, (b) 0.4, (c) 0.8,
and (d) 1.2 in 1:1 THF:MeOH (0.05 mg/mL). AFM height images of P3EHT23-b-PEGu113 fibers
grown from surface immobilized seeds following washing upon addition of unimer equaling
Munimer/Mseed = (€) 1.0, (f) 1.5, (g) 2.0, and (h) 2.5 in 1:1 nBuOH:MeOH (0.05 mg/mL). All scale
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Figure 5.9. Cartoon schematic representations of three hybrid organic-inorganic photodetector
devices. (a) Silicon wafer with gold (Au) electrodes thermally deposited onto the wafer backside
that acts as a control device to get a baseline photocurrent generated by a silicon-based PD. (b)
Silicon wafer with gold (Au) electrodes thermally deposited onto the wafer backside and a
PDHF17-b-PEG227 BCP layer spin cast onto the surface to determine if non-assembled BCP
increases photocurrent. (c) Silicon wafer with gold (Au) electrodes thermally deposited onto the
wafer backside and a PDHF17-b-PEG227 nanofiber layer grown from surface-confined seeds.
PDHF17-b-PEG227 was used in this example but the same devices will be fabricated using
P3EHT23-b-PEG113 CPNPS to make 5 PDS total........c.ccccvveieiieiiie e 245
Figure 6.1. (a) Self-assembly of stereospecific poly(3-[(2’-S)-ethylhexyl]thiophene)-b-poly(2-
vinylpyridine) ((s)-P3EHT-b-P2VP) which is proposed to result in chiral helical nanofibers. TEM
image reproduced with permission from ref 13.12 (b) Potential synthetic modifications to the alkyl
chain that could be performed to modify the self-assembly. (c) Cartoon schematic of a P3EHT-
nanofiber based organic field effect transistor (OFET) or organic electrochemical transistor... 276
Figure 6.2. (a) TEM micrograph of RuOjs-stained PEP-b-PEO (PEP = poly(ethylene-alt-
propylene), PEO = poly(ethylene oxide)) wormlike micelles dispersed in cured epoxy thermoset
(CET). (b) Stress-strain curves of neat cured epoxy thermoset (neat CET600, red), cured epoxy
thermoset modified with PEP-b-PEQ spherical micelles (CET600/sphere, green), and cured epoxy
thermoset modified with PEP-b-PEO wormlike micelles (CET600/worm, blue) showing superior
tensile strength of CET/worm relative to neat CET600 and CET600/sphere thermosets. (c) TEM
image showing wormlike micelle reinforcing epoxy thermoset in CET600/worm upon crack
formation. Reproduced with permission from ref 20.20.........ccocvieeeeeeeeeseeceee s 278
Figure 6.3. Scarf-shaped micelle obtained by heteroepitaxial growth of poly(isoprene)-b-
poly(ferrocenyldimethylgermane) (Plsss-b-PFGsg) unimer from Pl7-b-PFS76 2D seeds in
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plasma etched silicon wafer using electrostatic interactions and subsequent growth into a flat
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Figure S2.1. Overlaid GPC chromatograms of alkynyl-P3EHT23 (blue trace), PEG113-N3 (grey
trace), and P3EHT23-b-PEG113 (red trace). Sample concentrations were 1 mg/mL in THF. ........ 88
Figure S2.2. Overlaid GPC chromatograms of alkynyl-P3EHT19 (blue trace), P2VP13s-N3 (green
trace), and P3EHT19-b-P2VP135 (red trace). Sample concentrations were 1 mg/mL in THF....... 89
Figure S2.3. 'H NMR spectrum of alkyne-terminated P3EHT 23 homopolymer (500 MHz, CDCls).
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Figure S2.4. 'H NMR spectrum of azide-terminated P2VP13s homopolymer (500 MHz, CDCls).
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Figure S2.5. 'H NMR spectrum of P3EHT23-b-PEG113 block copolymer (500 MHz, CDCl3). Small
unassigned peaks in the spectrum arise from the fact a 500 MHz spectrometer was used, with long
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Figure S2.7. (a) Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 23-
b-PEG113 nanofiber solution in 1:1 nBuOH:MeOH (0.05 mg/mL) (red trace) and P3EHT23-b-
PEGa113 unimer in THF (0.1 mg/mL) (orange trace) at 22 °C. (b) Overlayed solution-phase UV-
Vis absorbance plots of polydisperse P3EHT23-b-PEG113 nanofiber solutions in 1:1 nBuOH:MeOH
(0.05 mg/mL) at 22 °C. Red trace spectrum was obtained 1 month after self-assembly was
performed and blue trace spectrum was obtained from the same sample 16 months after self-
assembly was performed. Small differences in the spectra are likely due to minor annealing of the
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Figure S2.8. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 19-b-
P2VP13g nanofiber solution in nBuOH (0.05 mg/mL) (red trace) and P3EHT 19-b-P2VP138 unimer
in CHCI3 (0.1 mg/mL) (0range trace) at 22 °C......cccoeieiiiiiieieiesie et 95
Figure S2.9. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 23-b-
PEG113 nanofiber solutions in 1:1 nBuOH:MeOH (0.05 mg/mL) used to investigate self-nucleation
suppression temperatures (where a supersaturated solution has formed after heating and cooling).
The following procedure was completed for all the temperatures listed in Figure S2.9 with 35 °C
being used as a representative example. A polydisperse P3EHT23-b-PEG113 nanofiber solution
(0.05 mg/mL) was heated to 90 °C for 1 h to ensure it was in the unimeric state and then quickly
transferred to a preheated metal block at 35 °C where it was left at 35 °C for 24 h. The solution
was then quickly transferred into a quartz cuvette placed in a UV-Vis spectrometer equipped with
a heating block that was set to 35 °C and analyzed. ... 95
Figure S2.10. (a) Left vial — Polydisperse P3EHT23-b-PEGi113 nanofiber solution (1:1
nBuOH:MeOH, 0.05 mg/mL) at 20 °C after self-assembly (red, self-assembled). Right vial —
Solution (1:1 nBuOH:MeOH, 0.05 mg/mL) of polydisperse P3EHT23-b-PEG113 nanofibers that
was heated to 90 °C (yellow/orange, unimeric). (b) Left vial — Self-assembled P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.05 mg/mL) at 20 °C while being irradiated
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Figure S2.11. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 10-b-
P2VP13s nanofiber solutions in nBuOH (0.05 mg/mL) used to investigate self-nucleation
suppression temperatures (where a supersaturated solution has formed after heating and cooling).
The following procedure was completed for all the temperatures listed in Figure S2.11 with 55 °C
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being used as a representative example. A polydisperse P3EHT19-b-P2VP13s nanofiber solution
(0.05 mg/mL) was heated to 90 °C for 1 h to ensure it was in the unimeric state and then quickly
transferred to a preheated metal block at 55 °C where it was left at 55 °C for 24 h. The solution
was then quickly transferred into a quartz cuvette placed in a UV-Vis spectrometer equipped with
a heating block that was set to 55 °C and analyzed. ..........c.cccevveiieieiiese e 96
Figure S2.12. (a) Solid-state WAXS pattern of a film of polydisperse P3EHT23-b-PEG113
nanofibers after background subtraction. The film was formed by drop-casting a polydisperse
nanofiber solution (5 mg/mL) in 1:1 nBuOH:MeOH onto a crystalline silicon substrate. (b) Solid-
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nm; Series 2 - height: 7.3 nm; Series 3 - height: 7.8 nm; Series 4 - height: 6.4 nm; Series 5 - height:
8.0 nm. Average height: 7.3 nm + 0.7 nm. (¢c) AFM height image of ~400 nm homogenous
P3EHT19-b-P2VP13s fibers (made by seeded growth, Munimer/Mseed = 16) in NBuOH (0.05 mg/mL)
drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile shown in
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Figure S2.14. Cartoon schematic showing the chain packing geometry (not drawn to scale) and
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Figure S2.15. (a, b) TEM images of polydisperse P3EHT23-b-PEG113 nanofibers made by heating
solid P3EHT23-b-PEG113 in deoxygenated nBuOH to 90 °C for 30 min. and then cooling the 0.2
mg/mL solution to 22 °C and aging 24 h. After aging, an equivalent amount of deoxygenated
MeOH was added to form a solution with a final concentration of 0.1 mg/mL. The samples were
then drop-cast onto a carbon-coated copper TEM grid and imaged by TEM following solvent
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Figure S2.16. (a, b) TEM images of polydisperse P3EHT 19-b-P2VP138 nanofibers made by heating
solid P3EHT19-b-P2VP13s in deoxygenated nBuOH to 90 °C for 30 min. and then cooling the
solution (0.1 mg/mL) to 22 °C and aging at 22 °C for 24 h. The samples were then drop-cast onto
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Figure S2.17. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. (b) Histogram
showing the fiber length distribution of P3EHT23-b-PEG113 seeds (Ln =42 nm, Lw =54 nm, D, =
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Figure S2.18. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were
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Figure S2.19. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
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(b) Histogram showing the fiber length distribution of P3EHT23-b-PEG113 seeds (Ln = 65 nm, Lw
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mg/mL) were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20 equivalents of P3EHT 23-b-
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formed by living CDSA seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL)
which were annealed at 30 °C for 18 h prior to use. Annealed P3EHT23-b-PEG113 seed micelles
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Figure S2.27. TEM images of P3EHT19-b-P2VP133 nanofibers in nBuOH (0.05 mg/mL) formed
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Figure S2.30. TEM images of P3EHT23-b-PEG113 nanofibers formed in 1:1 nBuOH:MeOH (0.05
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Unimer-to-seed ratio munimer/Mseed = () 4, (b) 6, (C) 8, (d) 12, (e) 16, and (f) 20. Fibers are formed
through the addition of P3EHT23-b-PEG113 seed micelles in (1:1 nBuOH:MeOH, 0.1 mg/mL) to
polydisperse nanofiber solutions (1:1 nBuOH:MeOH, 0.1 mg/mL) which were heated to 90 °C for
1 h and then cooled to 30 °C over the course of 2 h. Following seed addition at 30 °C, solutions
were maintained at 30 ° C for 24 h before being cooled to 22 °C and aged at 22 °C for 24 h... 110
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=(a) 4, (b) 6, (c) 8, (d) 12, () 16, and (F) 20. ....cccereiiiieieieee e 111
Figure S2.32. TEM images of P3EHT23-b-PEGu13 nanofibers formed in 1:1 nBuOH:MeOH (0.05
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Unimer-to-seed ratio munimer/Mseed = () 4, (b) 6, (C) 8, (d) 12, (e) 16, and (f) 20. Fibers are formed
through the addition of P3EHT23-b-PEG113 seed micelles (0.1 mg/mL, 1:1 nBuOH:MeOH) to
polydisperse nanofiber solutions (0.1 mg/mL, 1:1 nBuOH:MeOH) which were heated to 90 °C for
1 h and then cooled to 50 °C over the course of 2 h. Following seed addition at 50 °C, the solutions
were maintained at 50 ° C for an additional 24 h before being cooled to 22 °C and aged at 22 °C
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Figure S2.41. Histograms showing the nanofiber length distribution of B-A-B (P3EHT19-b-
P2VP13s-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2VP13g)  triblock comicelle self-nucleation
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Figure S3.3. DSC thermogram of PPP3o heated at a temperature ramp rate of 10 °C/min under N>
showing no T¢ or Tm. Arrows denote the direction of heating and cooling cycles. The thermal
history of the material was removed by annealing at 120 °C for 3 h under N2 flow prior to being
subjected to two cool-heat cycles from 0 °C to 250 °C, at a temperature ramp rate of 10 °C/min.
120 °C was chosen as the annealing temperature as this is ~25 °C above the reported Trm of PPP
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Figure S3.4. DSC thermogram of P3HTeo-b-PPP3g heated at a temperature ramp rate of 10 °C/min
under N2. Arrows denote the direction of heating and cooling cycles. Tm peak temperature = 231
°C with a melting enthalpy of 13.0 J/g. T. = 180 °C with an enthalpy of crystallization of 12.0 J/g.
..................................................................................................................................................... 156
Figure S3.5. DSC thermogram of P3HT3s-b-PPP15 heated at a temperature ramp rate of 10 °C/min
under N2. Arrows denote the direction of heating and cooling cycles. Tm peak temperature = 186
°C with a melting enthalpy of 8.2 J/g. T. = 153 °C with an enthalpy of crystallization of 9.9 J/g.
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Figure S3.8. *H NMR spectra of PPP3p homopolymer and P3HTgo-b-PPPs3 in CDCls highlighting
how relative integrations are used to determine degree of polymerization. The spectrum exhibits a
small singlet at 2.25 ppm corresponding to the ortho-tolyl methyl group. The spectrum exhibits a
singlet corresponding to the two protons in the 3- and 6- positions on the phenyl rings (denoted in
blue) that can be used for relative integration; however, this signal can overlap with the singlet
peak from 7.00-6.90 ppm corresponding to the vinylic proton in the 4- position on the thiophene
rings (denoted in purple). The vinylic proton signal can be used to determine the P3HT core-block
DP,» which was found to be 60 in this example. In the case of overlap between the two signals
around 7.00 ppm, the broad signal from 3.85-3.70 ppm (denoted in yellow) corresponding to the
methylene protons adjacent to the oxygen atoms at the 2- and 5- positions on the phenyl rings can
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Figure S3.11. (a) AFM height image of polydisperse P3HTso-b-PPP3o nanofibers in nBuAc (0.05
mg/mL) drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile
shown in (b) drawn perpendicular to the long axis of the fibers. Series 1 - height: 3.3 nm, width:
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Series 4 - height: 3.4 nm, width: 89.9 nm. Average height: 3.5 nm = 0.3 nm. Average width: (W
e 10 = A 1 1) S TUP PSRRI 161
Figure S3.12. (a) AFM height image of polydisperse P3HT3s-b-PPP1s nanofibers in nBuAc (0.05
mg/mL) drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile
shown in (b) drawn perpendicular to the long axis of the fibers. Series 1 - height: 5.7 nm, width:
48.5 nm; Series 2 - height: 5.2 nm, width: 52.5 nm; Series 3 - height: 5.4 nm, width: 45.2 nm;
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occurred or was occurring at a very slow rate. This has been observed in other P3HT-based
systems, due to the crystal lattice energy that needs to be overcome for dissolution to occur.%%7
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Figure S3.14. (a, b) TEM images of polydisperse P3HTso-b-PPP3q fibers. Samples were drop-cast
onto a carbon-coated copper TEM grid and imaged following solvent evaporation. Width analysis
of polydisperse nanofibers imaged using TEM showed W, = 21.8 = 5.7 nm (number counted = 8).
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Figure S3.15. (a, b) TEM images of polydisperse P3HT3s-b-PPP1s fibers. Samples were drop-cast
onto a carbon-coated copper TEM grid and imaged following solvent evaporation. Width analysis
of polydisperse nanofibers imaged using TEM showed W, = 12.7 + 2.4 nm (number counted = 8).
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Figure S3.16. (a) TEM image of seeds formed by ultrasonication of a P3HTeo-b-PPP3o
polydisperse micelle solution (nBuAc, 1 mg/mL) in a 0 °C bath for 4 h (37 kHz, 100% power)
which were not annealed prior to use. (b) Histogram showing the fiber length distribution of
P3HTeo-b-PPP3g seeds (Ln = 103 nm, Lw =118 nm, B = 1.14, 6 =+ 39 nm, n = 136). ............ 164
Figure S3.17. (a) TEM image of P3HTeo-b-PPP3o seeds that were diluted to 0.1 mg/mL using
nBuAc and annealed for 18 h at 30 °C before being brought to 22 °C (ca. 2 h). (b) Histogram
showing the fiber length distribution of P3HTeo-b-PPP3o seeds (L, = 81 nm, Lw = 108 nm, D =
1.33, 0= 47 M, 11 = 163). 1o 164
Figure S3.18. TEM images of P3HTeo-b-PPP3o seeds that were diluted to 0.1 mg/mL using nBuAc
and annealed at (a) 30 °C, (b) 35 °C and (c) 40 °C for 18 h at before being brought to 22 °C and
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Figure S3.19. Histograms showing P3HTeo-b-PPP3o nanofiber contour length distributions after
annealing seeds at (a) 30 °C, (b) 35 °C and (c) 40 °C for 18 h and then cooled to 22 °C and aged
at 22 °C for 24 h. (a) 30 °C: Ln =81 nm, DL = 1.33, 6 =+ 47. (b) 35 °C: Ln = 153 nm, H. = 1.35,
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Figure S3.20. (a) TEM image of seeds formed from ultrasonication of a P3HT3s-b-PPP1s
polydisperse nanofiber solution (nBuAc, 1 mg/mL) in a 0 °C bath for 7 h (100% power). (b)
Histogram showing the fiber length distribution of P3HT35-b-PPP1s seeds (Ln = 238 nm, Lw = 362
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Figure S3.21. (a) TEM image of seeds formed from ultrasonication of a P3HT3s-b-PPP1s
polydisperse nanofiber solution (nBuAc, 1 mg/mL) at -45 °C using a sonotrode probe for 7 h
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(100% power). Seeds were annealed at 30 °C for 18 h prior to use. (b) Histogram showing the
fiber length distribution of P3HT3s-b-PPP15 seeds (Ln = 49 nm, Lw =59 nm, B = 1.20, 6 = + 20
0] TR T ) PSSR 166
Figure S3.22. TEM images of P3HTeo-b-PPP3 nanofibers in (nBuAc, 0.05 mg/mL) formed by
living CDSA seeded growth using addition of (a) 1, (b) 2, (c) 3, and (d) 4 equivalents of P3HTeo-
b-PPP3o unimer solution (THF, 1 mg/mL) to P3HTeo-b-PPP3o seeds (annealed, 30 °C, nBuAc, 0.1
mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to
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living CDSA seeded growth using addition of (a) 1, (b) 2, (c) 3, and (d) 4 equivalents of P3HTz3s-
b-PPP1s unimer solution (THF, 1 mg/mL) to P3HT3s-b-PPP1s seed micelles (nBuAc, 0.1 mg/mL)
at 22 °C. Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM
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P3HT3s-b-PPP1s unimer solution (1 mg/mL in THF) at 22 °C. Final concentrations were 0.05
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self-nucleation suppressed seeded growth (50 °C) following solvent evaporation. Unimer-to-seed
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Figure S4.8. AFM (a) height and (b) amplitude images of polydisperse [P3EHT23-PPhs]*Br
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Figure S4.9. (a, b) TEM images of polydisperse [P3EHT23-PPhs]*Br- nanoribbons made by
dropwise addition of MeOH to [P3EHT23-PPhs]*Br- THF solutions with stirring to make 1:3 v/v
THF:MeOH solutions (0.1 mg/mL) followed by aging at 22 °C for 24 h. The samples were then
drop-cast onto a carbon-coated copper TEM grid and imaged following solvent evaporation.. 209
Figure S4.10. (a, b) TEM images of polydisperse [P3EHT23-PPhs]"Br  nanoribbons made by
heating solid [P3EHT23-PPh3]"Br" in deoxygenated nBuOH to 80 °C for 30 min. and then cooling
the 0.2 mg/mL solution to 22 °C and aging 24 h. After aging, an equivalent amount of
deoxygenated MeOH was added to form a 1:1 v/v. nBuOH:MeOH solution with a final
concentration of 0.1 mg/mL. The samples were then drop-cast onto a carbon-coated copper TEM
grid and imaged by TEM following solvent evaporation. ...........c.cccccveririineienene e 209
Figure S4.11. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:3 THF:MeOH, 0.1 mg/mL) at 0 °C for 4 h. (b) Histogram
showing the area distribution of [P3EHT23-PPhs]*Br seeds (An = 6000 nm?, Ay = 12200 nm?, Da
=2.03, 0 =2 6100 NM2, N = 151)..iriiiiiiceceeieieiieeeete ettt es sttt es et en s tenans 210
Figure S4.12. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:3 THF:MeOH, 0.1 mg/mL) at 0 °C for 4 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the area distribution of [P3EHT23-PPhs]"Br seeds (An = 8500 nm?, Ay =
15300 nm?, Pa=1.81, 6 == 7600 NM? N = 199).....ciriiiriirireieieeeeeeier e 210
Figure S4.13. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhz]"Br
polydisperse nanoribbon solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 4 h. (b) Histogram
showing the area distribution of [P3EHT23-PPhs]"Br~ seeds (An = 9200 nm?, Aw = 22800 nm?, Da
=2.48,6 == 11200 1M? N = 200)......c0c0mrereiriirrereeseseeseeeetstes s sttt ettt es sttt ettt 211
Figure S4.14. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 4 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the area distribution of [P3EHT23-PPhs]"Br seeds (An = 7802 nm?, Ay =
16172 nm?, Da=2.07, 6 ==£ 8081 NM?, N = 162)....ciriiirerieeireieeeieeeie e, 211
Figure S4.15. TEM images of [P3EHT23-PPhs]*Br~ assemblies (1:3 THF:MeOH, 0.05 mg/mL)
formed by seeded growth using seed micelles (1:3 THF:MeOH, 0.1 mg/mL) which were annealed
at 30 °C for 18 h prior to use. [P3EHT23-PPh3]*Br seed micelles were treated with (a, b) 5, (c, d)
10, and (e, f) 15 equivalents of [P3EHT23-PPh3]"Br~ unimer (THF, 1 mg/mL) at 22 °C. Solutions
were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM imaging. .............. 212
Figure S4.16. TEM images of [P3EHT23-PPh3]"Br- assemblies (1:1 nBuOH:MeOH, 0.05 mg/mL)
formed by seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) which were
annealed at 30 °C for 18 h prior to use. [P3EHT23-PPh3]*Br-seed micelles were treated with (a, b)
5, (c, d) 10, and (e, f) 15 equivalents of [P3EHT23-PPhs]"Br- unimer (THF, 1 mg/mL) at 22 °C.
Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM imaging.
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Figure S4.17. TEM images of [P3EHT23-PPhs]*Br- nanoribbons (1:1 nBuOH:MeOH, 0.05
mg/mL) formed by heating annealed seed solutions (1:1 nBuOH:MeOH, 0.05 mg/mL) to (a) 53
°C, (b) 55°C, (c) 57 °C, (d) 59 °C, and (e) 61 °C for 1 h followed by cooling directly to 22 °C
slowly (ca. 4 h) and aging 24 h. TEM images were obtained following drop-casting onto a carbon-
coated copper grid and subsequent sOlvent eVaporation............cccccuevvererieenieeriesieeseere e e 214
Figure S4.18. TEM images of length-controlled B-A-B nanofibers ([P3EHT23-PPhs]*Br-m-
P3EHT23-b-PEG113-m-[P3EHT23-PPh3]'Br) (m = micelle segment) formed by living CDSA
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seeded growth (1:1 nBuOH:MeOH, 0.05 mg/mL) using P3EHT23-b-PEG113 seed micelles (1:1
nBuOH:MeOH, 0.1 mg/mL) which were annealed at 30 °C for 18 h prior to use. P3EHT23-b-
PEGa13 seed micelles were treated with (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 equivalents
of [P3EHT23-PPhsz]"Br- unimer (THF, 1 mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h
followed by drop-casting onto a carbon coated copper grid followed and solvent evaporation prior
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Figure S4.19. Plot showing the dependence of B-A-B triblock comicelle length (Ln) on unimer-
to-seed mass ratio (Munimer/Mseed) When using [P3EHT23-PPh3]*Br- unimer and P3EHT23-b-PEG113
seeds (Ln = 77 nm, D = 1.19) for seeded growth experiments at 22 °C. Error bars represent
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Chapter 1

Introduction

1.1 The role of hierarchical self-assembly in nature

The natural world is replete with organic and inorganic examples of hierarchically
assembled structures that span from the nano- to the macroscale with a range of complexities.
Hierarchical assembly involves the organization and integration of smaller subunits into larger and
more complex ordered assemblies to produce a range of diverse materials with useful structures
and functions. Their functionality is often dependent on the nature of their constituent subunits and
how they are arranged (Figure 1.1). The range of materials produced in nature that exhibit precise
organization and the variability of their functionality highlights the utility and versatility of

hierarchical self-assembly.

The structure of proteins provides an excellent example of complex and multidimensional
organization.* The primary structure of a protein is composed of a specifically sequenced amino
acid chain which twists and folds to form the secondary structure, a-helices or B-sheets, that mainly
form due to hydrogen bonding (Figure 1.1).! The helices and sheets fold into tertiary 3-dimensional
structures which form as a result of steric and geometric constraints, hydrophobic interactions,
electrostatic interactions, dipole-dipole interactions, and hydrogen bonding.*? Finally, multiple
folded protein subunits can further assemble into higher-order quaternary structures to form multi-
subunit complexes. The hierarchically assembled structure of proteins makes them useful for a
broad range of purposes as they can be used to convey mechanical strength to tissues such as
collagen or fibrin, signalling purposes such as actin filaments,® or chemical purposes such as in

enzymes.*
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Hierarchical orders of protein structure

§ <;>7 // ~»~\E,,»\) >\ s
v,,fl'!ff\‘c/;c/\b?n = >_. ) /;\“ II‘IJ \v)‘ e © L4\ =
s > C / ~
HO) F Q 87 et v
® Amino acids w ,,( ::'/‘, 9.

Amino acids Primary structure Secondary structure Tertiary structure Quaternary structure
sequence of a chain local folding of the three-dimensional folding protein consisting of
of amino acids polypeptide chain into pattern of a protein due to more than one amino

helices or sheets side chain interactions acid chain

Figure 1.1. The hierarchical structural organization of proteins. An amino acid sequence composes
the primary structure which fold into o-helices or B-sheets (secondary structure). The
helices/sheets fold into 3-dimensional architectures which can further assemble to form a protein
with distinct compartments (quaternary structure). Reproduced with permission from ref 1.

Mollusks, such as clams and abalone, are aquatic organisms with soft internal bodies that
are shielded from predators and the environment by a hard outer shell. These lightweight shells
have high strength, toughness, and an exceptional ability to dissipate mechanical stress which are
directly related to the precise hierarchical structuring of their organic and inorganic components.
In general, there are three layers to the shell: the outermost periostracum composed of hardened
proteins, the middle prismatic layer composed of columnar calcite, and the inner nacreous layer
(Figure 1.2a).° The inner nacre layer is a heterogeneous, anisotropic organic-inorganic composite
with a “brick-and-mortar” structure wherein the inorganic phase, composed of 95 wt% mineralized
calcium carbonate (aragonite), behaves as hard bricks while the organic matrix, composing the
other 5 wt%, is a matrix of viscoelastic polysaccharides and fibrous proteins that behaves as mortar
(Figure 1.2b-d).>" The organic matrix templates nucleation and growth of the aragonite platelets
and creates a patterned composite that is tough yet elastic.® The multiscale hard/soft motif of nacre
and the layered platelet hierarchy gives it the rigidity to withstand impacts while also allowing for
some degree of elastic deformation to effectively resist mechanical stress and prevent fracturing
of the shell. The ability of this composite to be lightweight and have high mechanical toughness

has inspired many efforts to fabricate synthetic nacre-like materials.®®
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Figure 1.2. The multidimensional and hierarchical structure of nacre from the shell of a red
abalone. (a) Depiction of the structure of a red abalone shell highlighting the layered composite
nature of nacre. Reproduced with permission from ref 5.° (b) (Left) CaCO3 nanograins (bricks)
bound together with a protein/chitin matrix (mortar) to form tiled brick-and-mortar aragonite
layers (right). (c) Scanning electron micrograph image of the polysaccharide/protein “mortar”
matrix on the platelet of nacre. (d) Cartoon schematic of organic protein layer in between aragonite
tiles that acts as glue to bind tiles together. Figures reproduced and adapted with permission from
refs 5, 9, and 10.5%10

The term “self-assembly” has been used broadly and extensively in the literature, which
has generated many varying definitions and interpretations.® In this dissertation, the definition of
self-assembly will be restricted to “the spontaneous and hierarchical organization of smaller,
disordered pre-existing units into a larger distinct arrangement or structure as a consequence of
specific, local interactions without external direction”.>** Ordering smaller components into lower
entropy complex structures via self-assembly is not restricted to atomic and molecular examples
as this process also extends to larger structures which appear in nature such as the formation of
mammalian cells,>*2 weather systems,'? and galaxies.*?> Within the context of atomic and
molecular assemblies such as nucleic acids and proteins, their assembly into larger structures is

typically governed by non-covalent interactions such as =-m stacking, hydrogen bonding,



Chapter 1

electrostatic forces, van der Waals forces, hydrophobic effects, and host-guest interactions.® The
relative strength of these interactions is outlined in Table 1.1 and when their strengths are viewed
individually, these interactions are relatively weak compared to covalent bond energies but their
cumulative effects collectively stabilize the supramolecular assembly.*3

Table 1.1. Strengths of several non-covalent interactions involved in self-assembly314

Interaction Strength (kJ/mol)
Covalent bond 100-400
Coulombic force 250
Hydrogen bonding 10-65
Dipole-dipole 5-50
n-1 stacking 0-50
van der Waals forces <5
Hydrophobic effects Difficult to assess

The tobacco mosaic virus (TMV) offers a sophisticated demonstration of viral self-
assembly. The genetic material of TMV is composed of a single-stranded RNA molecule encased
by a protective protein capsid that provides environmental stability by preventing degradation of
the coiled RNA strand by cellular enzymes (Figure 1.3a). The capsid is formed by the hierarchical
organization of 2,130 identical protein subunits that assemble to produce monodisperse structures
that are 300 nm long and 18 nm wide (Figure 1.3b).2 The regularity of the resulting structures is
due to a templating effect by the RNA molecule caused by the specific length and sequence of its
nucleotides.'® Under physiological conditions, formation of this protective capsid is initialized by
assembly of the protein subunits into a cylindrical disk-like structure. Upon binding to a specific
hairpin-like RNA sequence and incorporation of the RNA into the central hole of the disk, the disk

undergoes a screw dislocation transformation.!” This allows additional disks to add to the protein
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capsid until construction of the assembly is completed. This is akin to a “nucleation-growth” self-
assembly mechanism wherein disk dislocation can be thought of as the nucleation step while the
subsequent association of protein disks and assembly of the remaining protein capsid can be
thought of as the growth phase. Nature repeatedly uses the directed supramolecular assembly of

pre-formed subunits to form higher complexity structures with remarkable reproducibility.

@)  coiled RNA

protein &
subunits §

18 nm

Figure 1.3. (a) Cartoon schematic and (b) transmission electron microscopy (TEM) micrograph
of the tobacco mosaic virus. Reproduced and adapted with permission from refs 4 and 18.418

1.2 Supramolecular chemistry & nanoscale self-assembly via non-

covalent interactions

As explored in the preceding section, nature has achieved synthesis across multiple length
scales in a remarkably impressive manner (Figure 1.4a). Despite the incredible ability of nature to
fabricate materials with well-defined dimension, functionality, and structural hierarchy at length
scales down to 10° m, synthetic manufacturing from the nano- to micrometer scale remains a
formidable challenge.’® There are two main strategies for nanoscale fabrication: top-down and
bottom-up (Figure 1.4b). Top-down manufacturing is a subtractive process wherein material is
removed from a substrate to give a specific shape and size with a small-scale example including

nanolithography that uses X-rays, extreme UV light, or electron beams to etch away material 2%

5
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Conversely, bottom-up manufacturing is an additive process whereby smaller subunits are
assembled to form larger structures. At the nanoscale, bottom-up fabrication is exemplified by the
field of supramolecular chemistry and self-assembly of atomic and molecular-scale objects into
nano- and micromaterials with a specific pattern and structure.?? Self-assembly of macromolecular
building blocks such as block copolymers (BCPs) has emerged as a useful tool for nanoscopic
manufacturing with tailored functionality; conveniently filling the current gap in our synthetic
fabrication capabilities. BCPs can organize into a wide array of intricate nanostructures with
tailorable structure and multifunctionality. These nano- and micrometer scale (10° to 10% m)
materials have shown great promise in a wide range of applications such as therapeutic drug
delivery, nanopatterning, composite material fabrication, and energy generation, and this thesis

primarily focuses on the emerging optoelectronic applications of nanomaterials.?3*
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Figure 1.4. (a) Scale comparison of various natural and synthetic structures. Reproduced with
permission from ref 25.% (b) Schematic showing the differences between “top-down” fabrication
(left, scanning electron micrograph of a gear system formed by electron beam nanolithography)
and “bottom-up” fabrication (right, organization of pre-existing subunits into a larger
nanostructure). Reproduced with permission from ref 26.%5

The fields of supramolecular chemistry and nanotechnology have a rich history. In 1959,
the renowned physicist Richard Feynman presented a lecture to the American Physical Society
entitled “There’s Plenty of Room at the Bottom” where he proposed the ability to construct
molecules through the direct manipulation of single atoms, enabling tailored chemical syntheses
on an atom-by-atom basis.?’ He theorized about creating nanoscopic machines that autonomously
assemble through the organized arrangement of atoms and imagined that they could directly move
matter.2” With these propositions, he laid the ideological groundwork for bottom-up assembly at

the nanoscale wherein small pre-existing subunits arrange to form more complex structures in a
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controlled fashion. Following this in the 1970’s, the term supramolecular chemistry was
introduced by Jean-Marie Lehn which was described as the “chemistry of molecular assemblies
and of the intermolecular bond.?® Lehn’s work, along with pioneering investigations focusing on
the development and use of molecules with highly selective structure-specific interactions by Cram
and Pedersen was awarded the Nobel Prize in Chemistry in 1987. Coordinated self-assembly and
molecular recognition in host-guest systems has resulted in a variety of novel supramolecular
architectures with a wide range of applications including photocatalysis,' asymmetric synthesis,>%°

explosives/nerve agent detection,**=3? and photothermal/photodynamic therapies (Figure 1.5a-

d).3&36
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Figure 1.5. (a) Schematic illustration showing nanostructure morphology difference during
hierarchical self-assembly of multi-walled nanotubes (top) and single-walled helical nanotubes
(bottom).! (b) Scanning electron microscopy (SEM) image of multi-walled nanotubes and (c)
atomic force microscopy (AFM) image of single-walled helical nanotubes. Figures (a-c)
reproduced with permission from ref 1.1 (d) Schematic illustration of m-conjugated polymer
nanoparticles (CPNPs) decorated with anti-Her2 affibodies used for cancer call targeting and
photodynamic/photothermal therapy. Reproduced with permission from ref 36.%
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1.3 Self-assembly of small molecules

When considering the self-assembly of carbon-based molecular species into
supramolecular assemblies, there are two main categories of building blocks: the first category
comprises "head-and-tail" amphiphiles, while the second category consists of polymeric
amphiphiles such as block copolymers (BCPs).13 Two common examples of low molecular weight
“head-and-tail” amphiphiles are lipids and surfactants. These molecules contain a solvophilic,
polar “head” group, and a solvophobic, non-polar “tail” group typically consisting of a
hydrocarbon chain (Figure 1.6a). When placed in polar solvents such as water, these amphiphiles
spontaneously assemble into nanostructures provided that the concentration is above a specific
equilibrium concentration known as the critical micelle concentration (CMC). Water selectively
solvates the solvophilic head group and the hydrophobicity of the hydrocarbon tails drives their
aggregation to form core-shell micelles with an inner hydrophobic core and an outer solvated shell
or corona through a process known as micellization. Micellization of molecular amphiphiles in
water is mainly driven by the increase in entropy associated with the expulsion of solvating
molecules.®” Aggregation of the hydrophobic tails to form the micelle core minimizes enthalpically
unfavorable hydrophobe—water interactions and the solvophilic head groups forms the micelle
corona which maximizes solvent contact by pointing outward towards the solvent. Exposure of the
hydrophilic head groups toward the water and sequestration of the hydrophobic tails in the micelle
core prevents disruption of hydrogen bonding between water molecules, leading to a further
reduction in the total free energy of the system.3":% It is important to note that these are equilibrium
structures at the thermodynamic energy minimum where dynamic exchange of surfactants between
the micelles and solution occurs and amphiphiles can escape the assemblies and dissolved

amphiphiles can enter assemblies at equal rates with no net flow of energy or matter.3®
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Figure 1.6. (a) General structure of “head-and-tail” amphiphiles with a hydrophobic head (blue)
and a hydrophobic tail (black/yellow). (b) Schematic showing the general factors affecting the
packing parameter (P). (c) Schematic showing the dependence of thermodynamic micelle
morphology on the packing parameter, P. Reproduced and adapted with permission from ref 42.42

Above the CMC, a multitude of diverse nanostructure morphologies are obtainable
including spherical micelles, cylindrical micelles, bicontinuous structures, vesicles, and lamellar
structures.*>*! One metric used to characterize these structures is the degree of interfacial curvature
at the core-corona interface. The micelle morphology can be predicted using the packing parameter
(P) (Equation 1.1) where v is the volume of the solvophobic core segment, a, is the contact area
of the head group at the aggregate interface, and I is the length of the core segment (Figure 1.6b).
The resulting micellar morphologies are a direct consequence of the molecular amphiphile
structure and what the optimal packing of these structures are with respect to the minimization of
thermodynamically or entropically unfavorable interactions. In general, as the packing parameter

increases, the interfacial curvature decreases. High curvature spherical micelles are preferred if P

1 - . - . e 1 1 . .
<3 cylindrical worm-like micelles are preferred if 3< P< > and low curvature bilayers, vesicles,
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and planar lamellae are preferred if P > % If P is larger than 1, inverted or reverse micelles form
where the interfacial curvature becomes negative (Figure 1.6c).

v
P = Equation 1.1
aplc

1.4 Self-assembly of block copolymers in the solid state

Next, we will consider the other main class of carbon-based molecular amphiphiles capable
of supramolecular assembly, polymeric amphiphiles. Diblock copolymers are polymeric
amphiphiles with two chemically different blocks that are typically covalently linked. In the solid
state, BCPs with two immiscible blocks microphase separate into various self-assembled
nanostructures. The unfavorable mixing enthalpy between the two blocks combined with a small
mixing entropy drive self-assembly while the covalent linkage between the blocks prevents

macroscale phase separation.*

In the case of A-B diblock copolymers where A+#B, the phase separation and resulting
nanostructure morphology is a consequence of many factors such as: the volume fraction of the A
and B blocks (fa and fg, where fa + fg = 1), the total degree of polymerization (DP») of the BCP
(DPnh = DPn(a) + DPn(g)), the chemical composition of each block, and the degree of incompatibility
between the A and B blocks.** The degree of incompatibility between blocks arises from their
immiscibility which drives self-assembly in bulk and is described by the Flory-Huggins parameter

(xas). Modification of the size of each block or the introduction of multiple blocks (such as in the

case of triblock copolymers or miktoarm copolymers) can be used for further structural tailoring

and facilitates the production of other distinct morphologies.

11
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1.5 Solution self-assembly of block copolymers with an amorphous

core-forming block

Similar to molecular surfactants, BCPs can self-assemble in solution by adding a solvent
that selectively solvates one of the blocks, known as a selective solvent. The result is colloidally
stable core-shell micellar nanoparticles, where the core consists of an insoluble, solvophobic block,
and the shell consists of a soluble, solvophilic block. This provides access to a range of novel and
exotic structures including “crew-cut” micelles, large compound micelles, and baroclinic tubules
(Figure 1.7).** However, unlike solution self-assembly of small molecule surfactants or solid-state
BCP self-assembly, solution-phase BCP self-assembly involves interactions between a solvent and
a given BCP with considerably more thermodynamic and kinetic factors, making prediction of the

final morphology more difficult. These kinetic and thermodynamic factors are discussed below.

The packing parameter (Equation 1.1) can be used to estimate the final micelle
morphology, but this equation purely involves thermodynamic considerations and has limitations
when applied to BCP solution self-assembly. In particular, solvent-induced swelling of the corona
can increase the effective volume fraction of the corona-forming block such that the a, term in the
packing parameter equation (P) does not accurately describe the area of the head group at the

aggregate interface.

In the case of solution self-assembly of BCPs with an amorphous core-forming block, the
thermodynamically preferred morphology is primarily governed by three factors: 1) the degree of
chain-stretching of the core-forming block, 2) the degree of interfacial energy between the core-
forming block and the solvent, and 3) repulsive interchain interactions between coronal blocks.

The morphology can be further modified by changing the BCP concentration, the length of each

12



Chapter 1

BCP block, composition of the solvent system, temperature, processing method, or through the

addition of additives (such as ions or homopolymers).43-4¢

One key difference between solution self-assembly of molecular amphiphiles and
polymeric amphiphiles is that nanostructure formation in polymeric amphiphiles is typically
kinetically controlled. Exchange of BCPs between the formed micelles and solution occurs very
slowly or is non-existent due to the high energetic barrier that needs to be overcome to reach the
global potential energy minimum. These structures are kinetically trapped in a local energetic
minimum meaning that different structures can arise from the same BCP depending on the self-
assembly conditions, which is known as non-ergodicity.**” The kinetically trapped nature of
structures formed by amorphous-core BCP self-assembly also contributes to the difficulty

predicting the final micelle morphology compared to equilibrium surfactant self-assembly.

In amorphous core BCP solution self-assembly, the final micelle morphology results from
a balance between enthalpic and entropic factors. Because the two blocks are immiscible, and
therefore mixing is unfavorable, the structures seek to reduce the interfacial area between the
blocks which lowers enthalpy, causing chain stretching away from the ideal chain conformation.
They form the structure with the lowest possible amount of core chain stretching which is an
entropic contribution. To reduce enthalpy and increase entropy, the system balances the lowest
interfacial energy and the least amount of chain stretching. High curvature structures are favoured
with BCPs that have corona-forming blocks with a large volume fraction as this reduces the core-
corona interfacial area and chain stretching. Typically, for a given BCP, solution-phase self
assembly results in the formation of higher core-corona interfacial curvature assemblies like
spheres when compared to solid state self-assembly due to increased repulsive interactions

between swollen solvated coronal chains and an increased effective coronal volume fraction. Phase
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space maps depict the different possible nanostructure morphologies accessible by a given BCP
and helps predict which structure will form under specific conditions. The region of phase space
occupied by low interfacial curvature structures like 1D nanofibers and 2D platelets is generally
small when using amorphous BCPs so it is typically difficult to access morphologically pure

samples of these assemblies, and mixtures of different morphologies are usually obtained.*°
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Figure 1.7. TEM micrographs and corresponding cartoon schematics of various morphologies
produced by self-assembly of amphiphilic polystyrene-b-poly(acrylic acid) (PSm-b-PAA,) BCPs
in dioxane:water mixtures. m and n represent the degrees of polymerization (DPy) of PS and PAA,
respectively. In schematics, red portions depict hydrophobic PS segment and blue portions depict
hydrophilic PAA segment. HHHSs: hexagonally packed hollow hoops. LCMs: large compound
micelles. Reproduced with permission from ref 41.4
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1.6 Solution self-assembly of block copolymers with a crystalline core-

forming block

During solution self-assembly of amphiphilic BCPs with a crystallizable core-forming
block in a corona-selective solvent, crystallization occurs which produces micelles with a
crystalline core.”® Crystalline-core BCPs exhibit a strong preference toward generating non-
spherical, low-interfacial curvature nanoparticles such as cylinders and platelets because core-
crystallization provides an additional enthalpic contribution, as opposed to solely solvophobic
interactions which dominate amorphous core BCP self-assembly. Crystallization has such a key
influence in determining the structure and organization of the resulting micelle that this class of
self-assembly is referred to as “crystallization-driven self-assembly” (CDSA).*° Crystalline-core
BCP self-assembly drastically expands the phase space occupied by low-interfacial curvature
assemblies and provides access to numerous 1D and 2D morphologies which are difficult to obtain
using amorphous BCPs. Until recently, access to morphologically pure samples of these structures

has been restricted which has hampered their practical investigation and application.

CDSA has two distinct phases: nucleation and elongation.>® First, homogeneous, or self-,
nucleation occurs by aggregation of the BCP core-forming block to form a crystallite. Established
methods to achieve this include: 1) dissolving the BCP in a solvent that is suitable for both blocks
(common solvent) and adding solvent which selectively solvates the corona-forming block
(corona-selective solvent) or 2) by heating the BCP in a temperature-dependent selective solvent
that acts as a common solvent at high temperatures and a corona-selective solvent at ambient
temperature. Crystallization is an exothermic process that lowers energy by forming a more stable,
ordered structure with minimized potential energy and strong bonding interactions, despite a

decrease in entropy. The CMC for BCPs is significantly lower than for molecular surfactants and
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this, combined with the energetic stabilization gained by crystallization makes the CMC negligible
for crystalline-coil BCPs.*” However, rearranging solvated BCPs (unimer) into configurations that
permit crystallization still requires an input of energy and this energetic barrier prevents
spontaneous formation of nuclei from unimer aggregation (Figure 1.8). When the conditions for
nucleation are met, nucleation occurs stochastically, generating nuclei at different times and
locations in a solution so growth from each nucleus is not initiated simultaneously which results
in micelles with varying lengths or areas (polydisperse).>! Once nuclei form, the thermodynamic
energy barrier has been overcome and elongation becomes significantly more favorable which
occurs when more unimer adds to the nucleus through epitaxial crystallization resulting in the

growth of larger micelles (Figure 1.8).%°
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Figure 1.8. Thermodynamic potential energy diagram showing formation of 1D micelles from
unimer nucleation and subsequent elongation. The potential formation of 2D micelles from 1D
fibers is also shown. kgT= Boltzmann constant multiplied by temperature which equals the
thermodynamic energy according to E=ksT. Reproduced and adapted with permission from ref 1.

As with amorphous core BCP self assembly, crystalline core BCP self-assembly is a
complex process with contributions from many factors that dictate the final micelle morphology.

In general, chain repulsion between adjacent coronal units induces formation of high interfacial
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curvature structures while introduction of a crystallizable core-forming block counteracts these
effects by producing a lattice energy that favors formation of an interface with zero curvature. The
effect of BCP crystallization on micelle morphology was first described by Keller et. al. which
showed that self-assembly of poly(ethylene glycol)-b-poly(styrene) (PEG-b-PS) in ethylbenzene,
a solvent selective for PS, resulted in 2D platelets with a PEG core.>? Crystal diffraction studies
revealed that the PEG platelet core exhibited the same unit cell as that of PEG homopolymer and

crystallization of the PEG core forms a nucleation site that can initiate further crystal growth.>?

While core-crystallization plays a dominant role in determining morphology in crystalline-
coil BCP self-assembly, the coronal block size, nature of the polymer backbone, relative
core:corona block ratio, temperature, and self-assembly solvent system also play important roles.
These factors all impact whether 1D fibers or 2D platelets are the experimentally observed
morphology. Generally, a shorter coronal block occupies less volume, thereby reducing
intercoronal repulsion, leading to lower interfacial curvature structures like 2D platelets. For
example, terminating poly(ferrocenyldimethylsilane) (PFS) or poly(L-lactic acid) (PLLA)
crystalline homopolymers with a positively-charged phosphonium group, which occupies a
smaller volume compared to a coronal chain, resulted in the formation of colloidally-stable 2D
platelets. However, when poly(3-hexylthiophene) (P3HT) or poly(fluorenyltrimethylcarbonate)
(PFTMC) homopolymers were terminated using the same phosphonium end-group, the formation
of 1D nanofibers was preferred over 2D platelets which was postulated to be the result of strong
n—n stacking interactions between polymer chains within the micelle core, highlighting how BCP
chemical composition affects nanostructure morphology.>*° Even though reducing the corona-
forming block volume fraction generally favors the formation of 2D platelets, self-assembly of

BCPs with higher corona block content relative to the core-forming block can also result in 2D
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platelets through a core plasticization mechanism. In a study comparing nanostructure
morphologies resulting from self-assembly of PFS-b-poly(2-vinylpyridine) (P2VP) BCPs with
core:corona block ratios of either 5:1 or 1:1 in various THF/isopropanol (iPrOH) mixtures, the
authors found that spheres preferentially formed at low THF content (10%) but the spheres slowly
transformed into 2D lenticular platelets.>® Platelet formation was slower for the BCP with a 5:1
core:corona ratio compared to the BCP with a 1:1 ratio even though it had less corona block
content. This was attributed to the fact that the core-forming block was larger and had a slower
crystallization rate arising from the relatively increased molecular motions necessary for it to
crystallize. Core-crystallization and the resulting preferred morphology can also be modified by
manipulating self-assembly solvent conditions. A study investigating PFS-b-P2VP BCPs with the
same core:corona block ratios of 1:6 but different overall molar masses found that increasing the
THF fraction (a good solvent for both blocks) in THF:iPrOH mixtures caused a transition from
spheres to platelets.>” By adding more common solvent, unimer solubility is increased which
results in slower crystallization and plasticization of the micelle core, leading to a more

thermodynamically favored morphology.

CDSA has been performed using a wide variety of crystallizable core BCPs including
PFS,%05859  noly(ferrocenyldimethylgermane) (PFG),%°%2 polyethylene (PE),%® PLLA, 46465
poly(e-caprolactone) (PCL),%%5" polycarbonate,%%° P3HT,”®"2 poly(tellurophene),”® poly(di-n-
hexylfluorene),”*" and poly(p-phenylene vinylene).”®’” CDSA is a convenient methodology for
the fabrication of morphologically pure samples of low interfacial curvature cylinders and platelets
which are desirable for a myriad of advanced applications.?®*® Unfortunately, control over the
distribution of micelle lengths or areas is challenging because nucleation occurs at random

locations in solution and has a slow rate compared to epitaxial growth.>
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1.7 Living crystallization-driven self-assembly and emerging

applications

Living crystallization-driven self-assembly (CDSA) of BCPs with a crystallizable core-
forming block has emerged as a useful method to generate low length dispersity (P.<1.1, where
DL = Lu/Ls) samples of 1D nanofibers with controlled size and dimensions,?334596571.77-80 Tyyq
main self-assembly methods exist under the umbrella term “living CDSA”: the seeded growth
method and the self-seeding method. Formation of length-controlled 1D micelles will be used for
the following general examples but the same processes apply to 2D micelles. The first approach is
the seeded growth method which begins with the formation of long polydisperse nanofibers
through homogeneous nucleation described in Section 1.6.5%°° The long fibers are subsequently
fragmented using ultrasonication to generate “seed” micelle fragments with relatively short
average lengths (Ln).>%® Unimer, in a solvent suitable for both blocks, is added to the seed solution
and preferentially crystallizes on the seed termini (as opposed to self-nucleating), resulting in
controlled-length micelles which are near monodisperse (DL < 1.1). A linear relationship between
the unimer-to-seed mass ratio (Munimer/Mseed) and micelle length exists, offering a substantial degree
of fine control over the size and production of fibers with predictable lengths (Figure 1.9, 1.10).
This method also provides the ability to fabricate coronally segmented B-A-B triblock comicelles
by adding unimer with the same core-forming block but a chemically distinct corona-forming

block from the BCP used for the seed.
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Figure 1.9. Schematic depiction of the living CDSA seeded growth method (top, purple pathway)
and the living CDSA self-seeding method (bottom, green pathway). P3HT = poly(3-
hexylthiophene), rr: regioregular, rs: regiosymmetric, n/m: degrees of polymerization.
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Figure 1.10. TEM images of 1D cylindrical nanofibers made by living CDSA seeded growth by
treating seed micelles with varying equivalents of unimer equal to unimer-to-seed ratios
(Munimer/Mseed) = (@) 5, (b) 10, (c) 20, and (d) 40. Scale bars: 500 nm. (e) Contour length distribution
histograms of samples a—d. Inset shows linear dependence of micelle length on unimer-to-seed
ratio (Munimer/Mseed). Reproduced with permission from ref 59.%°

The second living CDSA approach is thermal self-seeding and this method involves
generating seeds in situ by heating seeds in a selective solvent to induce dissolution of the less

crystalline regions of the seeds (Figure 1.9).5%°881-83 Seed dissolution generates free unimer which,
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upon cooling, crystallizes epitaxially onto the termini of the surviving seeds resulting in length-
controlled nanofibers. The nanofiber lengths are dependent on the unimer-to-seed ratio which itself
strongly depends on the self-seeding temperature. As the temperature is increased, the number of
surviving seeds decreases and the amount of unimer released into solution increases, resulting in
longer nanofibers. Small modulations of the self-seeding temperature can result in large nanofiber
length differences which makes prediction of the final lengths more challenging compared to
seeded growth. The exponential nature of the length versus self-seeding temperature curve also
makes it difficult to obtain short nanofibers (Figure 1.11).°%8! Furthermore, the temperature at
which polymer crystals melt depends on their thermal history and sample crystallinity, implying
that the self-seeding temperatures are batch-dependent.8:8+8 Although these are potential
disadvantages, self-seeding typically produces longer nanofibers because of the exponential
relationship between self-seeding temperature and micelle length and a proposed thermal

annealing effect that the heating process has on the polymer chains.
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Figure 1.11. TEM micrographs of 1D cylindrical nanofibers made by living CDSA self-seeding
by heating seed micelles to (a) 56 °C, (b) 62.5 °C, and (c) 64 °C for 30 min. and then cooling to
23 °C over 6 h. Scale bars: 500 nm. (d) Plot showing exponential relationship between nanofiber
length and the self-seeding temperature. Reproduced with permission from ref 83.8
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When living CDSA is performed by seeded growth or self-seeding, formation of new seed
nuclei instead of epitaxial growth from existing seeds is a persistent issue. Self-nucleation
consumes available unimer causing deviations from predicted lengths and formation of short
micelle fragments, thereby increasing sample dispersity (Hv). Self-nucleation is particularly
prevalent when using P3HT-based BCPs because of strong intermolecular m-m stacking
interactions that drive P3HT crystallization.8”%° Recently, a method that effectively suppresses
unimer self-nucleation was developed and reported by our group termed ‘“self-nucleation
suppression”.®® The method involves firstly heating a nanofiber solution to a temperature where
the nanofibers fully dissolve and the BCP is in the fully unimeric state. The solution is then cooled
to the lowest temperature at which a supersaturated solution forms, but nucleation does not occur.
Seed nuclei are added to the supersaturated solution at this self-nucleation suppression
temperature, which results in efficient epitaxial growth from the seed termini. Because the solution
is held at a temperature where homogeneous nucleation is suppressed, growth from the added
seeds is favored over the generation of new nuclei. This also consumes available unimer so that
when the solution is cooled from the self-nucleation suppression temperature to ambient
temperature, there is a lower concentration of unimer present in solution capable of self-nucleation,
resulting in longer fibers and a lower incidence of small self-nucleated fiber fragments, thereby
reducing P.. Self-nucleation suppressed seeded growth of the BCP rrP3HT-b-rsP3HT (rr =
regioregular and rs = regiosymmetric, respectively) allowed for the formation of length-controlled
nanofibers with lengths up to 4 um with Dy < 1.09; the first example of length-controlled P3HT
BCP nanofibers made by seeded growth with lengths over 2 um.2¢ Use of this method to form
long, well-defined polythiophene-based fibers, as well as a deeper discussion on the

nucleation/growth process is found in Chapter 2.
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An extensive variety of crystallizable core-forming block BCPs with different coronal
chemistries have been investigated to precisely create a vast range of novel and bespoke
architectures with varying shapes and functions. Nanostructures assembled from PFS-based
macromolecules include fluorescent barcode nanofibers utilized to encode information,* hollow
platelet micelles,®* rectangular platelets,>*% quasi-hexagonal discs,>®> homogeneous and
heterogeneous lenticular platelets,>®°"* double-headed spear-like micelles,®® and dendritic
structures with controlled branching that can be used for hazardous anion detection (Figure 1.12).62
The higher-order hierarchical assembly of PFS-based nanostructures has resulted in the formation
of multidimensional “cross” and “windmill” supermicelles,®* surface-confined micellar

brushes,®> and 3D supermicellar networks/lattices (Figure 1.12).%
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Figure 1.12. Examples of PFS-based nanostructures assembled via living CDSA with cartoon
schematics representative of the structures in each TEM micrograph (top corners). (a) Laser
scanning confocal microscopy (LCSM) micrograph of fluorescent, color tunable 11-block
comicelles.®® (b) TEM micrograph of multiblock fluorescent micelles.®® (c) TEM micrograph of
double-headed spear-like micelles.®® (d) TEM micrograph of “patchy” 2D nanoplatelet micelles.®
(e) TEM micrograph of “patchy” rectangular platelet multiblock comicelles.®* (f) TEM micrograph
of 2D concentric lenticular block comicelles.®® (g, h) TEM micrographs of rectangular 2D
platelets.>® (i) TEM micrograph of quasi-hexagonal 2D platelets.>® (j, k) TEM micrograph of
“cross” and “windmill” supermicelles.®*%® (I) TEM micrograph of 3D supermicellar networks.®’
All TEM micrographs and cartoons reproduced with permission from their respective publishers.
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Nanostructures made by living CDSA of biocompatible polymers such as PCL, PLLA,
PFTMC, and other polycarbonates have demonstrated utility in a wide variety of biomedically
relevant applications ranging from drug®® and DNA delivery,*%% cell targeting,'%? as adhesive
hydrogels,?* emulsifiers,®* and antimicrobials.!®!% As an example, size-controlled diamond 2D
platelets with a PLLA core were used to analyze the structure-property relationship between
platelet surface area and emulsion stabilization.®* This emphasizes that tuning the dimensionality
of 2D platelets allows for custom design and realization of effective interfacial stabilizers for

application in water-in-water emulsions.

1.8 =-Conjugated polymers

n-Conjugated polymers are macromolecules with monomeric units that are formally
connected by continuous o-bonds and alternating n-bonds along their backbone (Figure 1.13a).
Specifically, the w-overlap of p, atomic orbitals perpendicular to the polymer backbone creates a
conjugated chain of delocalized electrons (Figure 1.13b), resulting in materials that absorb light in
the ultraviolet (UV) to infrared (IR) range.%1% QOrganic polymeric semiconductors are solution-
processable, have inexpensive manufacturing processes, and can be printed on large-area flexible
substrates.%®112 Synthetic modification of the conjugated scaffold with side chains and functional
groups can tune their solubility, charge transport capabilities, molecular packing, and optical
properties. Their modular optical and semiconducting properties make them excellent candidates
for application to a variety of useful optoelectronic devices such as organic field-effect transistors
(OFETS), organic light-emitting diodes (OLEDSs), organic photovoltaics (OPVs), and stretchable

electronics.109:113-115
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Exploration of their electronic properties was largely facilitated by significant advances
made in their synthesis. The first known conductive polymer was polyacetylene (Figure 1.13a),
described in 1977 by Shirakawa, MacDiarmid, and Heeger, which earned them the Nobel Prize in
Chemistry in 2000. Since then, an extensive library of conjugated polymers have been synthesized
which include examples such as poly(aniline), poly(thiophene), poly(fluorene), and poly(p-
phenylene vinylene) (PPV) (Figure 1.13a). In particular, regioregular P3HT (rr-P3HT) is the most
used conductive polymer in organic electronics due to its high molar extinction coefficient, charge
carrier mobility, and solution processability.*1®1" The first synthesis of low dispersity rr-P3HT
was reported by McCollough et al. in 19998 using a Kumada-type polycondensation and then in
2004, the groups of Yokozawa'*® and McCollough'?® independently reported that the synthesis
exhibited features of a controlled, or living, chain-growth mechanism which affords polymers with
predictable molecular masses that are linearly dependant on the monomer/catalyst ratio and narrow
dispersity. The reaction type is now known as Grignard Metathesis (GRIM) or a Kumada catalyst-
transfer polycondensation (KCTP). Since its description, the scope of CTP reactions has been
drastically expanded beyond thiophenes to include an expansive array of monomers,!05:121-125
KCTP has been utilized extensively to create many well-defined n-conjugated polymers with
interesting electronic properties, as well as allowing for one-pot syntheses of block and gradient

copolymers.105125.126
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Figure 1.13. (a) Chemical structures of commonly used n-conjugated polymers. (b) Conjugated
backbone of polyacetylene with overlapping p. orbitals that are oriented perpendicular to the
molecular plane. Reproduced with permission from ref 108.1% (c) Energy level diagram comparing
bandlike structures and bandgaps of metals, semimetals (such as graphite with bandgap = 0 eV),
semiconductors, and insulators. Grey = valence band; blue = conduction band. Er: Fermi level.
Reproduced and adapted with permission from ref 127.1%7

n-Conjugated polymers generally adopt a planar conformation in the solid state and this
planarity, along with favorable =n-m-stacking interactions, drives self-assembly to form
semicrystalline ordered domains. Efficient intra- and inter-chain z-orbital overlap establishes
effective avenues for the flow of charges through the material. Their semiconductive and
optoelectronic properties can be explained through band theory (Figure 1.13c). As the number of
orbitals in a material increase, the energy differences between the discrete levels becomes smaller.
Eventually, the orbitals become so abundant and close in energy that they can be viewed as
continuous “bands”. The energetically highest occupied molecular orbitals (HOMOSs) of the repeat

units form the valence band and the energetically lowest unoccupied molecular orbitals (LUMOSs)
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form the conduction band (Figure 1.13c), with the energy difference between both bands referred
to as the “bandgap”. Electrons can be promoted from the valence band into the conduction band if
sufficient energy is provided, where they can then participate in conduction. In insulating
materials, the energy bandgap is large meaning that there is no or very little movement of electrons
from the valence band to the conduction band without the absorption of large amounts of energy.
In conductive materials such as metals, the valence and conduction bands overlap meaning that
there is free movement of charge carriers at ambient temperature. In intrinsically semiconductive
materials like m-conjugated polymers, the bandgap size is such that electrons can be promoted into
the conduction band if given enough energy, usually through the absorption of light that falls
somewhere in the UV-IR range (1.5 - 3.5 eV).1%® Chemical dopants can be added to conjugated
polymers to create p-type or n-type semiconductors that increase conductivity, photostability, and

molar extinction coefficients, depending on the identity of the dopant.'%®

Promoting a negatively charged electron from the valence to the conduction band leaves
behind a positively charged electron hole in its original position, and the coulombically bound
electron-hole pair creates a quasiparticle known as an exciton. Because the hole and electron have
an electrostatic attraction, the electron can relax back down to the original state, with a loss of the
absorbed energy usually in the form of light emission or vibration-induced heat radiation, and this
is known as exciton recombination. Prior to recombination, the pair can travel through the
semiconductor, a process known as exciton diffusion, but organic semiconductors exhibit
notoriously short exciton diffusion lengths of 5-10 nm. % It is not fully understood why such a
broad range of materials exhibit similarly low exciton diffusion lengths but some factors thought
to be involved are the fast intrinsic decay rates of photoexcited polymer chains back to their ground

state, strong exciton-phonon coupling, and high exciton transfer energy barriers.1%12¢ Recent
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research also suggests that low exciton diffusion lengths in organic polymeric films occur due to
the energetic and structural disorder inherent to commonly used film fabrication methods such as

spin-coating or thermal evaporation and weak electronic couplings between chromophores.'?

There is profound interest in furthering our understanding of the physical processes that
underly photon absorption, exciton diffusion, and energy transfer in z-conjugated polymers as well
as using capitalizing on that understanding to improve their electronic performance.'?® In OPVs,
increased exciton diffusion lengths allows for thicker active layers to be used which increases the
number of photons absorbed and maximizes the number of excitons generated via the photoelectric
effect. Significant efforts have also been put towards increasing exciton generation by using low-
bandgap polymers with alternating electron-rich donor moieties next to electron-poor acceptor
moieties because a smaller bandgap requires lower energy radiation to cause electronic excitation
and delocalization of m-electrons is easier.13-13 Increasing exciton diffusion lengths and gaining
a deeper understanding of the physical processes that underly exciton diffusion in organic

semiconductors is also an area of intensive research.

1.9 Preparation and applications of functional w-conjugated polymer

nanoparticles (CPNPs)

Many recent reports detail the utility of 1D and 2D nanostructures formed by the living
CDSA of crystalline-core BCPs to a range of fields including optoelectronic devices,
photocatalysis, and stimuli-responsive materials.?3243749647785133  7_Conjugated polymers
represent an attractive class of materials that are promising for a range of electronic applications

with properties that are difficult to achieve with their currently available inorganic counterparts.3*
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Effective combination of the beneficial properties of length- and area-controlled nanostructures
and m-conjugated polymers can be achieved through solution self-assembly of conjugated
polymers into n-conjugated nanoparticles (CPNPs). There are many methods used to fabricate
CPNPs but two primary approaches prevail in the literature: reprecipitation®**>!3 and mini-
emulsion formation,**"*3 which typically afford 20-500 nm diameter spherical nanoparticles.?
Formation of dimensionally-controlled non-spherical 1D and 2D morphologies can also be

achieved using solution self-assembly (CDSA and living CDSA) and microfluidic approaches.’®

In the field of optoelectronics, commonly used film processing and post-processing
methods such as drop-casting, spin-coating, and solvent-vapour annealing results in films with a
microstructural order that is difficult to accurately reproduce. Most polymers are semicrystalline,
with ordered crystalline regions surrounded by disordered amorphous regions and the intrinsic
structural disorder associated with polymer crystallization has dramatic impacts on electronic
performance. Establishing much of the order necessary to optimize optoelectronic performance
prior to device fabrication remains an attractive approach and can be achieved through solution
self-assembly of n-conjugated polymers into CPNPs. Segmented 1D nanofibers with a crystalline
poly(di-n-hexylfluorene) (PDHF) core made by living CDSA facilitate exciton diffusion lengths
of 200 nm (~20x the typical length for films of organic polymeric semiconductors) and are capable
of efficient Forster resonance energy transfer (FRET) to inorganic quantum dots in hybrid
nanowires.81%8.13% 1D nanofibers with a P3HT core displayed even higher exciton diffusion
lengths of 350 nm (Figure 1.14a).}4° The crystallization mechanism inherent to living CDSA
creates fibers with a highly ordered crystalline core, forming a uniform energetic landscape upon
which long-range exciton diffusion can occur. Other length-controlled P3HT-based fibers made

by living CDSA were integrated into an organic field-effect transistor (OFET) that showed a
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superlinear dependence of charge carrier mobility on nanofiber length and core-block DP,.%

Critically, these fibers exhibited superior performance compared to an analogous thin film P3HT-

based OFET.
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Figure 1.14. High exciton diffusion lengths in CPNPs and application to an artificial light-
harvesting antennae for photocatalytic water splitting. (2) Chemical structure of a phosphonium-
terminated P3HT homopolymer with a tetraphenylborate counterion ([P3HT3z0-PPhsMe][BPha]).
Schematic comparison between the microstructure of films from well-defined nanofibers and spin-
coated rr-P3HT. High polymer chain alignment and order within the core of nanofibers made by
living CDSA show superior organization compared to disordered films with both crystalline and
amorphous domains made by spin coating. Reproduced and adapted with permission from ref
140.1%0 (b) Efficient energy funnelling from segmented PDHF-based nanofibers with cobalt(I1)
porphyrin catalysts at the termini. Upon excitation, excitons generated within the nanofiber core
diffuse towards the catalysts and transfer energy via FRET, allowing for hydrogen production from
water splitting. Reproduced and adapted with permission from ref 141,141
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Naturally occurring photosynthetic organelles use a highly organized system of proteins
for light absorption and conversion to chemical energy.?® CPNPs made by living CDSA have high
absorption cross sections, chromophore density, and exciton diffusion lengths, making them ideal
models for synthetic light-harvesting systems.8%106:129.141 vsjsiple-light harvesting antennae were
fabricated from photocatalytic CPNPs decorated with photosensitized cobalt(ll) porphyrin
catalysts that effectively produced hydrogen gas from water (Figure 1.14b).**! Optimization of the
catalyst turnover number and hydrogen production rate were accomplished by tuning the length of
the m-conjugated crystalline core via living CDSA. Precise control over the hierarchical assembly
produced modular architectures that provide a proof-of-concept scaffold for future application in

other fields such as small molecular synthesis or CO reduction.

Thermo-responsive, pH-responsive, chemo-responsive, or light-responsive materials are
attractive synthetic targets due to their potential in detecting local environment changes and
separation science.'*? Living CDSA has been expanded to include stimuli-sensitive formation of
supramolecular assemblies. Choi and coworkers reported using cis-to-trans photoisomerization of
PPV-based BCPs to trigger living CDSA and fabricate length-controlled homogeneous and
heterogenous 1D nanofibers (Figure 1.15a).”” Predictable monomer isomerization under light
irradiation led to seeded growth that could be activated and deactivated using “on-off” light
modulation (Figure 1.15b). The stimuli-induced self-assembly concept was further exemplified by
Seferos et al. wherein they used selective oxidation of BCPs with blocks that had different

oxidation potentials to promote self-assembly.”
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Figure 1.15. Example of a stimuli-responsive living CDSA system. (a) Chemical structures of
PPV-based BCPs that undergo photoisomerization-induced self-assembly into 1D nanofibers. (b)
Schematic showing the “on-off” nature of this isomerization and how light modulation can be
utilized to form nanofibers of varying lengths over time. Figures (a) and (b) reproduced and
adapted with permission from ref 77.”

2-Dimensional semiconducting nanomaterials such as graphene have gained enormous
attention due to their flat morphology*® and large surface area.'** Controlled growth of 2D CPNPs
remains challenging because strong intermolecular n-n stacking leads to anisotropic growth
primarily in the n-r stacking direction resulting in a preference to form fibers over 2D platelets.
Recently, considerable progress has been made on fabricating 2D nanostructures using BCPs with
a m-conjugated core, with some examples achieving dimensional control.”%14514¢ For instance,
conductive 2D rhombic micelles were made from a PPV BCP and incorporated into nanoscale
pressure sensors (Figure 1.16a).24® The sensor displayed high on-state current density and a high
sensitivity which were modified by changing the platelet thickness.'*® In addition, a P3HT
derivative bearing oligomeric ethylene glycol (OTT) side chains and a PEG corona-forming block

(PTOTT-b-PEG) was self-assembled into tape-like nanoribbons (Figure 1.16b). Mixed assembly
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of PTOTT-b-PEG and PTOTT functionalized with an oligonucleotide strand (DNA) as the corona-

forming block (PTOTT-b-DNA) resulted in DNA-functionalized nanoribbons capable of

147

sequence-specific binding to DNA-modified gold nanoparticles.
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Figure 1.16. Formation and functionalization of 2D CPNPs. (a) Self-assembly of poly((i-
propylpentyloxy)phenylene vinylene)-b-P2VP (PP-PPV-b-P2VP) in iPrOH to form area-
controlled rhombic micelles. Micelles were subsequently incorporated into a flexible pressure
sensor nanodevice. Au = gold; Cr = chromium. Reproduced and adapted with permission from ref
146.1% (b) Co-assembly of PTOTT-b-PEG and PTOTT-b-DNA in a methanol/dimethylformamide
(MeOH/DMF) mixture dialyzed against water (water dial.) to induce self-assembly into DNA-
functionalized nanoribbons that were decorated using DNA-modified gold nanoparticles (DNA-
AUNP). Reproduced with permission from ref 148,148

Despite recent progress in creating functional CPNPs, many formidable challenges remain.
Particularly in the case of polythiophene-based BCP self-assembly, reports of long, low-dispersity
(Ln >1 pm, P <1.1) nanofibers are confined to a limited number of reports and BCP
systems 8386149150 Eyrther control needs to be exerted over polythiophene crystallization to fully
realize its potential as a semiconducting material. Additionally, 2D and 3D CPNPs may possess
unique properties that provide exciting opportunities for application in optoelectronics; however,
the controlled growth of these structures is largely elusive. Methods to equalize multidirectional

growth kinetics must be introduced to fabricate these structures and analyze their structure-
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property relationships. Finally, living CDSA is typically done in small batches at low concentration
which presents issues with scalability, reproducibility of results, and practical utilization of these
assemblies. One approach that promisingly addresses these factors is the formation of CPNPs

using flow chemistry.

1.10 Thesis objectives

The work presented in this thesis is a compilation of research projects focusing on
exploring the CDSA of block copolymer materials containing -conjugated core-forming blocks,
with a primary focus on polythiophene-based materials, to fabricate novel 1D and 2D

nanostructures. The research objectives are outlined as 3 key goals below:

(a) Investigation of structure-property relationships in polythiophene self-assembly.
Despite the ubiquity of polythiophenes as polymeric semiconducting materials, efficient control
over their self-assembly has scarcely been reported due to the strong tendency of unimer to self-
nucleate which causes deviations from predicted lengths and increased sample dispersity. One aim
of this thesis is to investigate if small structural changes in the polythiophene alkyl chain identity
reduces this tendency and results in advanced control over the self-assembly behaviour. This will
be the topic of Chapter 2. Further, previous investigations into solution CDSA have primarily
involved using BCPs with a crystallizable, rigid rod-like core-forming block and a coiled corona-
forming block, with few reports investigating CDSA of BCPs where both the core and corona
blocks are rigid. This thesis aims to provide a deeper understanding of how corona rigidity affects
the ability of BCPs to undergo living CDSA and the resulting nanostructures and this will be

described in Chapter 3.
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(b) Extend the utilization of controlled self-assembly techniques in systems where precise
nanoscale control is highly sought-after. To date, the self-nucleation suppression method is only
known to be successful with one polythiophene-based block copolymer. This thesis aims to further
generalize this method by providing other examples of n-conjugated block copolymers that benefit
from its utilization. This creates a fundamental and experimental basis to investigate if other BCPs
behave similarly and allows for the fabrication of uniform nanofiber samples with lengths and

dispersities that were previously unachievable. This will be described in Chapters 2 and 3.

(c) Expand the library of conjugated materials known to be compatible with living CDSA
and fabricate more complex architectures such as 2D CPNPs and surface-confined
nanofibers. By investigating the self-assembly of BCPs with a new core-forming block,
poly(3-(2’-ethylhexyl)thiophene) (P3EHT), the work in this thesis aims to expand the library of
conjugated materials known to be compatible with living CDSA thereby providing opportunities
for further discovery of potential applications. The reduced crystallization rate of P3EHT
compared to P3HT and the recent success using self-assembly of polymeric amphiphiles
containing a terminal charged group instead of a coronal chain permits access to form conjugated
2D CPNPs, which have remained an attractive yet largely elusive target. This will be the topic of
Chapter 4. Surface-confined nanofiber growth has been shown to be a promising method to form
specifically patterned surfaces with various functionalities. Self-assembly of PDHF and P3EHT
BCPs can be used to explore the self-assembly of surface-confined n-conjugated micellar brushes

towards energy-funnelling CPNP-silicon devices which will be described in Chapter 5.
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Chapter 1

1.11 Thesis summary

This thesis comprises four results chapters in addition to a final summary, conclusions, and

outlook chapter, highlighting the impact of this work and possible future research directions.

Chapter 2 outlines the synthesis and living CDSA of poly(3-(2’-ethylhexyl)thiophene)-based
block copolymers to produce precisely-defined nanofibers and segmented triblock comicelles.
This chapter expands the scope of living CDSA and the self-nucleation suppression method to
include new block copolymers, highlighting the utility of these methods in the controlled formation

of electroactive nanostructures.

Chapter 3 focuses on investigations of the self-assembly behaviour of two fully-rigid

poly(3-hexylthiophene)-b-poly(para-phenylene) BCPs with different molecular masses.

Chapter 4 describes results involving the formation of 2D platelets from charge-terminated
poly(3-(2’-ethylhexyl)thiophene) species. It also outlines the controlled self-assembly of well-

defined B-A-B and B-C-B triblock comicelles.

Chapter 5 outlines the surface-confined growth of poly(di-n-hexylfluorene) and poly(3-(2’-
ethylhexyl)thiophene) BCPs into micellar brushes which are potentially capable of energy transfer
to a substrate with the final objective of fabricating a photodetection device. Investigations into

the surface morphology and growth characteristics of the brush layers are described.

In accordance with previous theses from Professor lan Manners’ research group, each
chapter of this thesis has been written in a self-contained fashion such that it may be published in
a peer-reviewed scientific journal. The work in this thesis was often performed in collaboration
with colleagues within the Manners research group, as well as members of other research groups.

Major contributions to each project are outlined at the beginning of each chapter.
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Chapter 2

2.1 Abstract

The ambient temperature living crystallization-driven self-assembly (CDSA) seeded
growth method for polymeric amphiphiles with a crystallizable core-forming block has emerged
as a promising approach to morphologically pure samples of uniform, length-controlled 1D
nanofibers as well as more complex architectures such as segmented assemblies. Access to
nanofibers with poly(3-hexylthiophene) (P3HT) as the core-forming block is highly desirable as a
result of their optoelectronic properties. However, application of the living CDSA method to P3HT
diblock copolymers has proven to be a challenge due to rapid P3HT crystallization. This causes
uncontrolled homogenous nucleation and defect formation, resulting in a loss of length control and
increased nanofiber length dispersity. Herein we have explored the replacement of the P3HT core-
forming block with a more soluble poly(3-(2’-ethylhexyl)thiophene) (P3EHT) core, and
demonstrate improved control over nanofiber formation. Specifically, we have studied two
P3EHT-containing diblock copolymers, P3EHT23-b-PEG113 (PEG = poly(ethylene glycol)) and
P3EHT10-b-P2VP13s (P2VP = poly(2-vinylpyridine). Seeded growth of P3EHT19-b-P2VP13s
nanofibers at 22 °C produced low dispersity nanofibers with length control up to ~1 um while
P3EHT23-b-PEG113 only provided length control up to ~300 nm under similar conditions. Self-
nucleation was postulated to impair efficient seeded growth of P3EHT 23-b-PEG113 and solution-
state variable-temperature UV-Vis spectroscopy was used to locate temperatures where self-
nucleation was suppressed. These studies revealed that homogenous nucleation is suppressed for
at least 24 h at or above 30 °C for P3EHT23-b-PEG113 in a 1:1 n-butanol:methanol solution. In the
case of P3EHT23-b-PEGu13, this allowed us to efficiently perform seeded growth under conditions
(>30 °C) that resulted in the formation of near-uniform nanofibers with controlled lengths of up to

~1 um. Self-nucleation suppression was also successfully utilized during thermal self-seeding

52



Chapter 2

experiments wherein P3EHT23-b-PEG113 nanofibers with controlled lengths up to 2.8 um and low
length dispersities were formed. Seeded growth of P3EHT19-b-P2VP13s from the termini of
P3EHT23-b-PEG113 seeds at 22 °C provided access to well-defined B-A-B triblock comicelles with

a segmented coronal structure.

2.2 Introduction

Self-assembly of conjugated, semiconducting organic polymers is of intense current
interest due to their ability to form functional 1D nanofibers for optoelectronic applications.*®
Conjugated polymers have large absorption cross sections and can exhibit highly efficient energy
transfer which makes them excellent candidates for light harvesting, light-emitting, photovoltaic,
and photodetection applications.’®? Nanofiber properties are dependent on their length and
chemical composition, and exerting control over these factors is crucial for maximizing

optoelectronic performance. 34

Living crystallization-driven self-assembly (CDSA) of block copolymers (BCPs) with a
crystallizable core-forming block has emerged as a useful method to generate low length dispersity
(PL< 1.1, where Dy = Lu/Ln) samples of 1D nanofibers with controlled size and dimensions.3*714-
1% Two main self-assembly methods exist under the umbrella term “living CDSA”. The first
approach is the seeded growth method using pre-existing, externally added seeds that begins with
the formation of long polydisperse nanofibers through homogeneous nucleation.*®?° This is
achieved by: 1) dissolving the BCP in a solvent that is suitable for both blocks (common solvent)
and adding solvent which selectively solvates the corona-forming block, inducing crystallization

of the insoluble core-forming block or 2) by heating the BCP in a temperature-dependent selective
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solvent that acts as a common solvent at high temperatures and a corona-selective solvent at room
temperature. The long fibers are subsequently fragmented using ultrasonication to generate “seed”
micelle fragments with relatively low average lengths.'®2° The seeds dispersed in a selective
solvent remain active towards the addition of molecularly dissolved BCP (unimer) in a good
solvent for both blocks. This leads to epitaxial crystallization at the seed termini at ambient
temperature and creates nanofibers with final lengths that are linearly correlated to the unimer-to-
seed mass ratio (Munimer/Mseed), allowing for the fabrication of nanofibers with varying and
predictable lengths. This method also provides the ability to fabricate modular, segmented B-A-B
triblock comicelles by adding unimer with the same core-forming block, but with a corona-forming

block that is chemically distinct from that of the BCP used for the seed.

The second living CDSA method is termed thermal self-seeding and in this approach the
BCP is heated in a selective solvent to induce dissolution of the less crystalline regions of the
seeds.'3?1-24 Dissolution generates free unimer which, upon cooling, crystallizes epitaxially in situ
onto the termini of the surviving seeds resulting in length-controlled nanofibers. The nanofiber
lengths are dependent on the unimer-to-seed ratio which itself strongly depends on the self-seeding
temperature. As the temperature is increased, the number of surviving seeds decreases and the
amount of unimer released into solution increases, resulting in longer nanofibers. Small
modulations of the self-seeding temperature result in large nanofiber length differences which
makes prediction of the final lengths more challenging compared to when seeded growth is used.
The exponential nature of the length versus self-seeding temperature curve makes it difficult to
obtain short nanofibers.?>?3 Furthermore, the temperature at which polymer crystals melt depends
on their thermal history and sample crystallinity, implying that the self-seeding temperatures are

batch-dependent. 232527
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Previous investigations into ambient temperature seeded growth of conjugated BCPs such
as P3HT-b-PDMS (PDMS = poly(dimethylsiloxane), P3HT-b-PMMA (PMMA = poly(methyl
methacrylate), and P3HT-b-P2VP have shown that the generation of new nuclei through unimer
homogeneous (or self-) nucleation (as opposed to growth from existing seeds or nanofibers) makes
control over nanofiber length challenging and results in large dispersities.?®-3° Suppression of this
process is critical to fabricate uniform samples of polythiophene nanofibers and a method that
effectively inhibits unimer homogenous nucleation termed self-nucleation suppression was
developed and reported by our group.?” The method involves heating a nanofiber solution to a
temperature where the nanofibers fully dissolve and the BCP is in the fully unimeric state then
cooling the solution to the lowest temperature where a supersaturated solution forms, but
nucleation does not occur. Seed nuclei are added to the supersaturated solution at the self-
nucleation suppression temperature resulting in efficient epitaxial growth from the seed termini.
Because the solution is held at a temperature where homogeneous nucleation is suppressed, growth
from existing nuclei (i.e. the externally added seeds) is favored over the generation of new nuclei.
Self-nucleation suppressed seeded growth of the BCP rrP3HT-b-rsP3HT (rr = regioregular and rs
= regiosymmetric, respectively) allowed for the formation of length-controlled nanofibers that
reached lengths up to 4 um with D under 1.09; the first example of length-controlled P3HT BCP

nanofibers made by seeded growth over 2 pm.?’

During self-assembly studies of the P3HT BCPs we also found evidence that rapid unimer
crystallization onto seed termini creates crystalline defects in the micelle core that prevent epitaxial
growth and only provide length control over a low range of lengths (< 300 nm).2-3 Replacement
of the aliphatic n-hexyl side chains for more solubilizing n-octyl groups led to a significant

improvement in length control with values up to ca. 600 nm and A, = 1.1-1.3.3! This work
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indicated that the presence of a larger, more solubilizing side group promotes nanofiber elongation
and hinders homogenous nucleation. Introducing a larger steric barrier to crystallization into the
polythiophene repeat unit is proposed to slow down face-to-face packing of the polymer chains
while the increased solubility promotes structural rearrangement of the polythiophene chains and
decreases the amount of defects during the self-assembly process.®! It has also been previously
established that poly(3-(2’-ethylhexyl)thiophene) (P3EHT) exhibits slower crystallization Kinetics
relative to P3HT which is a consequence of the stereocenter at the C» position of the branched
hexyl side chain, which prevents side chains from fully interdigitating.®> We have previously used
the higher solubility of P3EHT to create the outer core of nanofibers with an inner crystalline
polyfluorene core domain, which function as coaxial heterojunction nanowires.® These features
encouraged us to investigate if BCPs with a P3EHT core-forming block offered improvements in

the length control for nanofibers assembled using living CDSA.

Herein, we detail the synthesis, characterization, and self-assembly behaviour of two
P3EHT BCPs, P3EHT23-b-PEG113 and P3EHT19-b-P2VP13s, and further develop the library of
conjugated BCPs that are available for self-assembly using living CDSA. We also extend the
previously described self-nucleation suppression method?’ to these BCPs and show that this
approach can be expanded to include polythiophene BCP systems other than the previously
reported P3HT. Self-nucleation suppression was used during seeded growth and self-seeding
experiments to fabricate nanofibers with lengths up to ca. 3 um and we successfully fabricated
B-A-B (P3EHT19-b-P2VP133-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2VP135) (PEG = polyethylene
glycol, m = micelle segment) block comicelle structures, the first reported examples of well-

defined and modular block structures utilizing a P3EHT core.
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2.3 Results and Discussion

2.3.1 Block copolymer synthesis and characterization

Alkyne-terminated P3EHT homopolymers were formed by Grignard Metathesis
Polymerization. Addition of an ortho-tolyl-functionalized nickel(Il) catalyst to a solution of
dibrominated thiophene monomer resulted in the formation of the P3EHT 23 homopolymer with a
living chain end. Subscripts denote the polymer degree of polymerization (DPy). In situ termination
of the P3EHT23 chain with an alkyne end group was achieved through the addition of excess
ethynylmagnesium bromide (Scheme S2.3).3* The DP, of P3EHT3 was determined by relative
integration of *H NMR spectrum resonances (Figure S2.3) corresponding to the ortho-tolyl methyl
group at 2.51 ppm and the proton in the 4-position on the thiophene rings at 6.94 ppm. The terminal
hydroxy group on a PEG-methyl ether homopolymer was initially converted to a tosyl group
followed by azidation using sodium azide (Scheme S2.4). The azide-functionalized-PEG (PEG113-
N3) was suitable for block copolymerization using copper-mediated azide-alkyne cycloaddition
click chemistry (CuAAC). A CuAAC-mediated click reaction was performed between the azide-
functionalized-PEGa113 and the alkyne-terminated-P3EHT23 to form P3EHT23-b-PEG113 (Figure
2.1, Scheme S2.6). Following P3EHT23-b-PEGu13 synthesis, remaining PEG113-N3 homopolymer
was removed using water washes followed by successive precipitation into methanol (MeOH) and
acetone and final purification using preparatory gel permeation chromatography (GPC). The
resulting product was then analyzed using GPC and the P3EHT23-b-PEG113 trace had a relatively
lower retention volume suggesting that the cycloaddition reaction was successful and a species
with higher molecular mass was formed when compared to the constituent homopolymers (Figure
S2.1). BCP analysis using *H NMR spectroscopy showed broadened P3EHT signals compared to

the alkyne-P3EHT homopolymer, which is consistent with block copolymerization (Figure S2.5).
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1. PEG-N3 or P2VP-N;

= 2. CuBr
\ /], 3T'E\FAD4E5T% - P3EHT,3-b-PEG,/5
N=' i s CqoH
\ Thet N0 133Tr 12
N
I /
P3EHTg-b-P2VP, 34
Polymer M (Da) Mw (Da) Dv?
P3EHT23-b-PEGu13 11,900% 9,600° | 12,600% 10,200° | 1.06
P3EHT19-b-P2VP13s 18,300%18,800" 20,0002, 22,100° 1.14

Figure 2.1. Chemical structures and molar mass characterization of the synthesized BCPs
analyzed by GPC and integration of proton nuclear magnetic resonance (*H NMR) spectra.
aDetermined by GPC. "Determined by relative integration of *H NMR spectrum signals. My”
values from *H NMR signals were estimated by using the Pw?® obtained from GPC data and
multiplying it by Mq® values obtained by *H NMR spectroscopy according to the equation
(Ov?)(Mn?) = MuP. For alkynyl-P3EHT, relative integration was performed between 'H NMR
signals at 2.51 ppm (s, o-tolyl CHz = 3H) and 6.97 ppm (s, thiophene CH = 1H). For P2VP-N3,
relative integration was performed between *H NMR signals at 3.25 ppm (bs, RAFT CH,, 2H) and
8.27 (bm, pyridine CH, 1H). CuBr = copper(l) bromide, PMDETA = N,N,N'N",N"-
pentamethyldiethylenetriamine, THF = tetrahydrofuran.

The azide-terminated P2VP (P2VP13s-N3) corona-forming block was synthesized through
reversible addition-fragmentation chain-transfer polymerization (RAFT) using an azide-
terminated trithiocarbonate chain-transfer agent (Scheme S2.5). The DPn of the P2VP13s-N3
homopolymer was determined by relative integration of *H NMR spectrum resonances (Figure
S2.4) corresponding to the methylene group on the trithiocarbonate RAFT agent at 3.20 ppm and
the proton in the 6-position on the pyridine rings from 8.02-8.60 ppm. The CUAAC click reaction

was then performed between alkynyl-P3EHT19 and P2VP133-N3 to form P3EHT19-b-P2VP13s
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(Figure 2.1, Scheme S2.7). Following precipitation into hexanes, excess P2VP-Nz was removed
by repetitive acidification of the P2VP block, removal of the PSEHT homopolymer using THF,
basification of the P2VP block and precipitation into acetone several times to remove any P2VP
homopolymer. Following this process, the material was analyzed using GPC which also showed
the formation of a species with a higher molecular mass than the alkynyl-P3EHT19 and P2V P13s-
N3 homopolymers (Figure S2.2). *H NMR analysis of the final product showed the presence of
signals belonging to both the P3EHT block as well as the P2VP block. Further, a signal at 7.60
ppm representing the proton on the triazole ring is present, indicating successful formation of the
triazole ring, and there is an absence of the peak at 3.51 ppm representing removal of the alkynyl
proton on the P3EHT terminus (Figure S2.6). The polymer molar mass dispersity (Pwm, where Hwm
= Mw/Mp) and purity of the homopolymer precursors and final BCPs were determined by GPC
analysis using triple detection calibration methods (Figure S2.1, S2.2) and thin layer
chromatography, respectively. The characterization details of the resultant BCPs are summarized
in Figure 2.1. Both BCPs were isolated as red solids in overall yields of 16% for P3EHT23-b-

PEGu113 and 4% for P3EHT19-b-P2VP138 and possessed low molar mass dispersities of Dy = ~1.1.

2.3.2 Solution self-assembly of P3EHT23-b-PEG113 and P3EHT19-b-P2VP13s

Polydisperse fiber-like micelles (nanofibers) of P3EHT23-b-PEG113 were formed in two
steps. First, the solid material was heated in n-butanol (nBuOH) to 90 °C for 30 min. to ensure the
BCP was fully dissolved. Next, the solution was cooled to ambient temperature (22 °C) slowly
(over ca. 4 h) and aged for 24 h. Heating the solution to 90 °C resulted in the formation of a clear,
yellow solution and cooling the solution from 90 °C to 22 °C followed by aging led to a red

solution, consistent with planarization of the polymer backbone and extension of the t-conjugation
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of the core-forming block during self-assembly (Figure S2.10a, b).>353¢ MeOH was then added to
form a 1:1 v/v nBUuOH:MeOH mixture (0.1 mg/mL) which was drop-cast onto a carbon-coated
copper grid and imaged using bright-field transmission electron microscopy (TEM) (Figure 2.2a,
b, S2.15a, b). The long-term colloidal stability of the PSEHT 23-b-PEG113 nanofibers was confirmed
as no precipitation was observed when the 1:1 nBuOH:MeOH nanofiber solution was allowed to
stand at 22 °C for 16 months (Figure S2.7b). Polydisperse P3EHT19-b-P2VP13s nanofibers were
also fabricated by heating the solid material in nBuOH to 90 °C for 30 min., and then cooling to
ambient temperature (22 °C) slowly (over ca. 4 h) and aging for 24 h (Figure 2.2c, d, S2.16a, b).
The addition of MeOH was not necessary to maintain the colloidal stability in this case as the
P3EHT10-b-P2VP13s fibers were stable in pure nBuOH over 8 months. Stabilization of this BCP

with only nBuOH is likely a result of the lower relative polarity of P2VP13s compared to PEG1s.

Figure 2.2. TEM images at different degrees of magnification of polydisperse (a, b) P3EHT23-b-
PEGi13 and (c, d) P3EHT10-b-P2VP135 nanofibers following solvent evaporation.
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To gain more insight into the internal crystalline order of the nanofiber core, wide-angle
X-ray scattering (WAXS) was performed on a film of polydisperse P3EHT 23-b-PEG113 nhanofibers
that was formed by drop-casting a 5 mg/mL 1:1 nBuOH:MeOH solution onto a crystalline silicon
substrate. A sharp Bragg peak at a q value of g = 0.42 A (d = 1.51 nm) was clearly observed
(Figure S2.12a) which corresponds to the (100) plane associated with the alkyl side chain stacking
distance,®” with a higher-order broad reflection of this peak visible at g = 0.84 A™* (d = 0.75 nm)
(Figure S2.14). The peak at q = 1.30 A (d = 0.49 nm) corresponds to the reflection caused by n-n
stacking between adjacent polymer chains within the micelle core (010 plane), which
experimentally has a slightly shorter distance of 0.49 nm compared to a simulated P3EHT crystal
(d = 0.51 nm).*® These diffraction peaks demonstrate the crystalline nature of the P3EHT core-
forming block in the P3EHT23-b-PEG113 nanofibers. Another prominent peak at q = 1.35 A’
matches the Bragg reflection associated with crystalline PEG domains formed upon drying of the
P3EHT23-b-PEG113 nanofiber solution.®® WAXS analysis was performed on a film of polydisperse
P3EHT10-b-P2V P13 nanofibers that was formed by drop-casting a 5 mg/mL nBuOH solution onto
a crystalline silicon substrate (Figure S2.12b). As was in the case of the P3EHT23-b-PEG113 film
WAXS spectrum, a sharp Bragg peak at g = 0.42 A (d = 1.51 nm) associated with alkyl chain
interdigitation was observed, with a sharp higher order peak at g = 0.86 A (d = 0.73 nm). The
peak associated with n-w stacking was found at g = 1.25 A (d = 0.51 nm), suggesting that the -
nt stacking distance between the thiophene rings in adjacent P3EHT chains in nanofibers formed
from P3EHT19-b-P2V/P13s is slightly larger than in PSEHT23-b-PEG113 nanofibers. There are two
sharp peaks at q = 1.49 A and 1.72 A* which have been previously identified as belonging to the

(320) and (410) planes of P3EHT crystals.*’
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To provide further characterization of the P3EHT23-b-PEG113 nanofiber dimensions, a 1:1
nBuOH:MeOH solution (0.05 mg/mL) of ~800 nm nanofibers prepared by seeded growth (Figure
S2.30e) was drop cast onto a glow discharged silicon substrate and analyzed using atomic force
microscopy (AFM) (Figure S2.13a). The average height was found to be 7.3 nm + 0.7 nm when
measurements were made perpendicular to the long axis of the nanofiber (Figure S2.13b). Crystal
simulation models and diffraction data from other reports have been used to determine that the
height of a P3EHT crystal along the alkyl-stacking direction is 1.45 — 1.52 nm®*4° and when this
is taken together with the alkyl chain stacking distance of 1.51 nm found above, a nanofiber height
of 7.3 nm suggests that ~6 lamellae of P3EHT chains interdigitate in this direction to constitute
the nanofiber height (Figure S2.14). The heights are similar to the nanofiber heights found using
AFM when analyzing nanofibers with a P3HT core-forming block made by living CDSA which
were shown to range from 1.6—7 nm depending on the corona-forming block used.*! Measurements
of the nanofiber core width were also extracted from the TEM data which showed an average width
(Whn) value of W, =9.8 + 1.4 nm. The P3EHT unit cell contains a 3-(2’-ethylhexyl)thiophene dimer
and the width of this unit along the polymer chain backbone is 7.72 A.% Considering this, a P3EHT
polymer with a DP, = 23 would have a nanofiber core width of 8.9 nm, which is in very good
agreement with the widths measured by TEM. Regioregular P3HT chain-folding occurs at a
molecular mass of roughly 10 kDa (DP, = ~60).% Because the DPs of the P3EHT core-forming
blocks are well below that limit, we infer that chain-folding has not taken place; however, we
cannot fully exclude this possibility, nor can we exclude that the chains may be stacking in a

different way.

A solution of ~400 nm P3EHT 10-b-P2VP138 nanofibers prepared by seeded growth (Figure

S2.27e) was also analyzed using AFM by drop casting the solution (0.05 mg/mL in nBuOH) onto
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a glow discharged silicon substrate (Figure S2.13c). The average height was found to be 5.9 £ 0.2
nm when measurements were made perpendicular to the long axis of the nanofiber (Figure
S2.13d). When considering the alkyl chain stacking distance of 1.51 nm, a nanofiber height of 5.9
nm suggests that 5 lamellae of P3EHT chains interdigitate in this direction to constitute the
nanofiber height. The difference between the number of lamellae which interdigitate to comprise
the height of P3EHT19-b-P2VP133 nanofibers (5) compared to P3EHT23-b-PEG113 nanofibers (6)
may be due to the relatively higher volume fraction of the P2VP block relative to the PEG block,
resulting in higher coronal steric repulsion and preventing further lamellae from interdigitating.
The nanofiber core widths were also measured using the TEM data and showed an average
nanofiber width (Wp) of Wh = 12.0 £1.9 nm. A P3EHT polymer with a DP, = 19 would have a
nanofiber core width of 7.4 nm, which is smaller than the width measured by TEM. This
discrepancy may be resultant of the fact that the electron density of the P2VP corona is
significantly higher than the electron density of the PEG corona, causing darkening of the regions
around the core and the appearance of relatively thicker nanofibers which makes accurate

determination of the width by TEM difficult in this case.

2.3.3 Attempted length-control of homogenous nanofibers by seeded growth at ambient
temperature (22 °C)

a) P3EHT 23-b-PEGu113

Small nanofiber fragments that function as seeds were produced by sonication of a solution
of polydisperse P3EHT23-b-PEG113 nanofibers (Figure S2.15a, b) in 1:1 nBuOH:MeOH at 0 °C
for 3 h (Lh =42 nm, B = 1.28) (Figure S2.17a, b). Seeded growth of length-controlled P3EHT 23-

b-PEG113 nanofibers at 22 °C was attempted by adding increasing volumes of unimeric P3EHT 23-
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b-PEG113 (2 mg/mL) in tetrahydrofuran (THF) to seed solutions in 1:1 nBuOH:MeOH. Nanofibers
with lengths ranging from L, = 168 nm (Munimer/Mseed = 4) t0 Ln = 1058 nM (Munimer/Mseed = 20) and
dispersities from P, = 1.29-1.57 were fabricated (Figure S2.21a-f, S2.22, S2.23a-f, Table S2.1).
The experimental nanofiber lengths are close to the theoretically predicted values within one
standard deviation (c); however, this is likely a consequence of the large standard deviation in the
length values. Theoretically predicted values are based on the equation Lngheory) = Ln(seed)
[(Munimer/Mseed) +1].27 As an example, at Munimer/Mseed = 12, Lngheory) is 546 nm and the experimental
value is 609 nm. Annealing of polythiophene crystals has previously been shown to improve
molecular packing in crystallites,**® and so seeded growth experiments using the same protocol
were performed with seeds from the same batch which had been annealed in nBuOH at 30 °C for
18 h (Figure S2.18a). Upon annealing in nBuOH at 30 °C for 18 h and cooling to 22 °C, no
significant seed dissolution occurred as evidenced by the lack of significant changes in the average
length or dispersity of the seeds (L, = 44 nm, B = 1.26) (Figure S2.18b). Seeded growth using
annealed P3EHT23-b-PEG113 seeds resulted in nanofibers with lengths ranging from L, = 131 nm
(Munimer/Mseed = 4) to Ln = 1528 nm (Munimer/Mseed = 20) and dispersities from D = 1.22-1.30 (Figure
S2.24a-f, S2.25, S2.26a-f, Table S2.2). The resulting nanofiber dispersities were up to B = ~1.3
as opposed to when the seeds were not annealed (DL = ~1.5). The lowered dispersity values provide
indirect experimental evidence that there are defects in the seeds caused by sonication and that
annealing creates a more defect-free crystalline nanofiber core. Unfortunately, discrepancies
between the experimental values of L, and theoretical length values still exist at Mynimer/Mseed ratios
> 12 which has been observed with seeded growth of previous poly(3-alkylthiophene) BCPs.28-%
Increased nanofiber dispersity and deviations from theoretically predicted lengths at higher

equivalents in these experiments are postulated to be the result of unimer self-nucleation.
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b) PSEHT19-b-P2VP13s

P3EHT10-b-P2VP135 seeds were produced by ultrasonication of a solution of polydisperse
P3EHT19-b-P2VP138 nanofibers (Figure 2.2c, d) in nBuOH at 0 °C for 3 h (Ln =23 nm, .= 1.07)
(Figure S2.20a, b). The seeds were annealed at 30 °C for 18 h prior to use. Seeded growth of
length-controlled P3EHT19-b-P2VP133 nanofibers at 22 °C was attempted by adding increasing
volumes of unimeric P3EHT19-b-P2VP13s (2 mg/mL in CHCI3) to seed solutions in nBuOH.
Nanofibers with lengths ranging from L, = 107 nm (Munimer/Mseed = 4) t0 Ln = 912 nM (Munimer/Mseed
= 40) and low dispersities (DL = 1.07 - 1.09) were fabricated (Figure 2.3a-e, S2.27a-h, S2.29a-h,
Table S2.3). The experimental nanofiber lengths align exceptionally well to the theoretically
predicted values. Compared to seeded growth of length-controlled P3EHT23-b-PEG113 nanofibers
at 22 °C, the experimental lengths of P3EHT 19-b-P2VP138 nanofibers prepared by seeded growth
at 22 °C are longer and are much closer to theoretically predicted values (Figure 2.3e). This is
proposed to be a consequence of the core:corona block ratio difference between P3EHT 23-b-
PEG113 (~1:5) and P3EHT19-b-P2VP13s (~1:7). The comparatively higher solubility of P3EHT 1o-
b-P2VP13s suggests that self-nucleation is less likely to occur during seeded growth. It is also
possible that the chemical identity differences between P2VP and PEG plays a role that affects

their ability to act as solubilizing shell blocks.
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Figure 2.3. TEM images of length-controlled P3EHT19-b-P2VP133 nanofibers; unimer to seed ratio
Munimer/Mseed = (@) 10, (b) 20, (c) 30, and (d) 40. (e) Plot showing the dependence of P3EHT 19-b-
P2VP13s nanofiber length (Ln) on unimer-to-seed ratio (Munimer/Mseed). Seeds (Ln = 23 nm, Dy =
1.07) that were annealed at 30 °C for 18 h prior were used for seeded growth experiments at 22
°C. Error bars represent standard deviation.

2.3.4 Evaluation of a self-nucleation suppression temperature for P3EHT23-b-PEG113 by

Due to the difficulties obtaining P3EHT23-b-PEG113 nanofibers with low D. and lengths
which match theoretically predicted values via seeded growth at 22 °C, variable-temperature UV-
Vis spectroscopy was used to find temperatures where self-nucleation is suppressed following
heating of the P3EHT23-b-PEG113 nanofibers in a temperature-dependant selective solvent
mixture. At 20 °C and in the self-assembled state, P3EHT23-b-PEG113 polydisperse nanofibers in
a 1:1 nBuOH:MeOH solution (0.05 mg/mL) exhibit an absorbance shoulder at 440 nm
representing an intrachain m-7* transition,®> a maximum absorption (Amax) at 480 nm as well as

vibronic absorbances at 520 nm and 570 nm associated with the crystalline P3EHT core (Figure
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2.4a, S2.7). The ratio between the amplitudes of the vibronic Ag.o (570 nm) and the Ao-1 (520 nm)
peaks is < 1 which is characteristic for partially ordered H-aggregate-like chains coexisting with
non-aggregated chain sequences.* Heating the solution from 20 °C to 90 °C resulted in a
red-to-orange/yellow color transition associated with a lower conjugation length caused by the
onset of free rotation of the thiophene rings that are mainly planar in the solid state (Figure 2.4a,
Figure S2.10a, b).%>3%4% Nanofiber dissociation and the emergence of unimeric BCP was detected
by the disappearance of the vibronic peaks associated with the P3EHT core at 520 nm and 570 nm
(Figure 2.4a, b) and blue-shifting of the Amax from 480 nm to 440 nm. Thompson and coworkers
found a similar UV-Vis absorption maximum at 445 nm when analyzing a chlorobenzene solution
of P3EHT homopolymer where the P3EHT is fully solubilized.*® A P3EHT thin film that was spin-
cast from the chlorobenzene solution and annealed under N2 at 150 °C for 30 min. caused red-
shifting of the absorbance at 445 nm by ~40 nm to a new absorption maximum at 485 nm as well
as vibronic features at higher wavelengths, suggesting solid state crystalline order.*® From these
experiments, it is clear that the fibers have been fully dissolved at 90 °C and only unimeric BCP
exists at this temperature. When the 1:1 nBuOH:MeOH P3EHT23-b-PEG113 polydisperse
nanofiber solution was cooled from 90 °C to 20 °C over 3.5 h, a slight increase in the absorbance
at 570 nm was observed (Figure 2.4b), indicating the slow formation of vibronic structures
characteristic of a crystalline P3EHT core. A thermal hysteresis exists between solutions that were
heated from 20 °C to 90 °C and those that were cooled from 90 °C to 20 °C (Figure 2.4b). This
has been observed previously in other P3HT-based systems due to the crystal lattice energy that

needs to be overcome for dissolution to occur.2”4
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Figure 2.4. (a) Overlayed UV-Vis absorbance spectra of a P3EHT23-b-PEG113 polydisperse
nanofiber solution (0.05 mg/mL) in 1:1 nBuOH:MeOH that was heated from 20 °C to 90 °C (10
°C/min) with scans taken every 10 °C increment at a heating rate of 10 °C/min. (b) Absorbance
plot at 570 nm of a P3EHT23-b-PEG113 polydisperse nanofiber solution (0.05 mg/mL) in 1:1
nBuOH:MeOH that was heated from 20 °C to 90 °C and then cooled from 90 °C to 20 °C using
10 °C increments at a rate of 10 °C/min. Solutions were allowed to equilibrate at the target
temperatures for 30 min. prior to each scan being taken.

To find a suitable self-nucleation suppression temperature for P3EHT23-b-PEGu113, the
following procedure was completed for all the temperatures listed in Figure 2.5 with 35 °C being
used as a representative example. A P3EHT23-b-PEG113 polydisperse nanofiber solution (0.05
mg/mL) was heated to 90 °C for 1 h to ensure the BCP was in the unimeric state and then quickly
cooled to 35 °C where the solution was left for 24 h. The solution was then transferred into a UV-
Vis spectrometer at 35 °C and analyzed. This was done to ensure that no self-assembly occurred
during the transfer process or the analysis. It was found that all temperatures >30 °C suppressed
nanofiber formation and the only temperature where nucleation and nanofiber growth occurred
after 24 h was 20 °C. This is evidenced by the absence of the peaks at 480 nm, 520 nm, and 570

nm at temperatures >30 °C.
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Figure 2.5. Overlayed UV-Vis absorbance spectra of P3EHT23-b-PEG113 polydisperse nanofiber
solutions (0.05 mg/mL) in 1:1 nBuOH:MeOH for elucidation of a self-nucleation suppression
temperature. Separate vials containing P3EHT23-b-PEG113 polydisperse nanofiber solutions (0.05
mg/mL) were heated to 90 °C for 1 h and then cooled from 90 °C to 20 °C, 30 °C, 35 °C, 40 °C,
or 45 °C. The solutions were left at these temperatures for 24 h. The solutions were then quickly
transferred into a UV-Vis spectrometer that was at these temperatures and analyzed.

2.3.5 Attempted length control of homogenous P3EHT23-b-PEG113 nanofibers by seeded
growth using self-nucleation suppression at 30 °C and 50 °C

Self-nucleation suppressed seeded growth begins by heating polydisperse nanofibers in a
temperature dependant selective solvent to 90 °C, so all of the BCP is in the unimeric state (Figure
2.6).2" The solution is then cooled to a temperature where a supersaturated solution is formed but
nucleation has not occurred (>30 °C) (Figure 2.5). To that solution, nuclei (in the form of seeds)
are introduced, causing spontaneous and rapid growth from the seed termini. Finally, the solution
is maintained at the self-nucleation suppression temperature for 24 h prior to cooling to 22 °C to
disfavor the formation of new nuclei and instead promote growth from the added seeds. According
to the UV-Vis studies described in Section 2.3.4, cooling a nanofiber solution from 90 °C to any
temperature above 30 °C creates a supersaturated solution where self-nucleation is suppressed for

at least 24 h. It is critical that the seeds do not melt at the self-nucleation suppression temperature
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upon addition, so seeded growth experiments were initially conducted at the lowest tested

temperature where self-nucleation was suppressed (30 °C) to reduce this possibility.
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Figure 2.6. Cartoon schematic diagram showing self-nucleation suppressed seeded growth using
30 °C as a self-nucleation suppression temperature.

Various volumes of P3EHT23-b-PEG113 polydisperse nanofiber solution (0.05 mg/mL, 1:1
nBuOH:MeOH) were placed in separate vials and heated to 90 °C for 1 h and then allowed to cool
to 30 °C and maintained at 30 °C for 2 h. Equal amounts of seed solution (L =44 nm, B = 1.26,
annealed), also at 30 °C (1:1 nBuOH:MeOH, 0.1 mg/mL), were added to achieve different
Munimer/Mseed ratios. After seed addition and mixing, the vials were left at 30 °C for 24 h and then
aged at 22 °C for 24 h. Length analysis of the resultant P3EHT23-b-PEG113 nanofibers from self-
nucleation suppressed seeded growth experiments at 30 °C showed a linear correlation between
the unimer-to-seed ratio and nanofiber length (Figure 2.7¢). Fiber lengths ranging from L, = 290
NM (Munimer/Mseed = 4) UP t0 Ln = 913 nm (Munimer/Mseed = 20) were achieved with low dispersities
(PL = 1.08-1.15), with an average value of . = 1.10 (Figure 2.7a-e, S2.30a-f, S2.31a-f, Table
S2.4). Since all temperatures at or above 30 °C suppress self-nucleation, seeded growth using a
higher temperature (50 °C) was also performed to investigate if cooling to this temperature
following heating to 90 °C provides improved results compared to cooling to 30 °C. P3EHT23-b-
PEG113 nanofibers with lengths ranging from Ly = 292 nm (Mynimer/Mseed = 4) up to Ln = 579 nm
(munimer/Mseed = 20) were obtained with dispersities ranging from D = 1.08-1.17 with an average
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value of D, = 1.13 (Figure S2.32a-f, S2.32, S2.34a-f, Table S2.5). At the highest unimer-to-seed
ratio (Munimer/Mseed = 20), the average lengths were roughly half of the lengths achieved when 30
°C was used as a self-nucleation suppression temperature. Although the lengths achievable using
50 °C as a self-nucleation suppression temperature are close to theoretically predicted values, at
higher equivalents, the lengths reach a maximum value (~700 nm) and then plateau and begin to
decrease which has been observed for other polythiophene BCPs.*° Considering these results, self-

seeding and self-nucleation suppressed self-seeding was utilized in the following experiments to

investigate if length control could be achieved at lengths higher than 1 pum.

1200 ~ ®Experimental Length
A Theoretical Length

@ Dispersity

0 5 10 15 20
munime/ Mseed

Figure 2.7. TEM images of length-controlled P3EHT23-b-PEG113 nanofibers formed by self-
nucleation suppressed seeded growth at 30 °C; unimer to seed ratio Mynimer/Mseed = (@) 4, (b) 12,
(c) 16, and (d) 20. (e) Plot showing the dependence of P3EHT23-b-PEG113 nanofiber length (L)
on unimer-to-seed ratio (Munimer/Mseed) When self-nucleation suppressed seeded growth at 30 °C
was used. Error bars represent standard deviation.
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2.3.6 Homogenous length-controlled P3EHT23-b-PEG113 nanofibers by self-seeding with
cooling directly to ambient temperature (22 °C) or to the lowest self-nucleation suppression
temperature (30 °C) and then 22 °C

Self-seeding experiments, where seeds are thermally generated in situ, were conducted as
this method typically produces higher length nanofibers when using conjugated BCPs (Figure
2.8a). P3EHT23-b-PEG113 seeds (Ln = 65 nm, P = 1.16) (Figure S2.19a, b) were heated to self-
seeding temperatures for 1 h to create free unimer and then cooled directly to 22 °C. No change in
nanofiber length was observed from temperatures 66 °C — 69 ° C but when the solutions were
heated to 70 °C — 72 °C, nanofiber lengths increased exponentially from L, =215 nm (70 °C, DL
=1.15)to Lh = 2.7 um (72 °C, B =1.10) (Figure 2.8a, 2.9a-c, 2.10, S2.35a-f, Table S2.6). Heating
to 73 °C apparently led to complete dissolution of seeds as only polydisperse nanofibers were

formed under these conditions.
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Figure 2.8. Cartoon schematics showing P3EHT23-b-PEG113 nanofiber growth using (a) self-
seeding and (b) self-nucleation suppressed self-seeding with 30 °C as a self-nucleation suppression
temperature.
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Next, self-nucleation suppressed self-seeding experiments using 30 °C as a self-nucleation
suppression temperature were conducted to determine if P3EHT23-b-PEG113 nanofibers with
lengths > 2.7 um could be obtained while maintaining a low dispersity (Figure 2.8b). P3EHT23-b-
PEG113 seeds (Ln =65 nm, B = 1.16) (Figure S2.19a, b) from the same batch that were used during
the previous self-seeding experiments were heated to self-seeding temperatures for 1 h and then
cooled to 30 °C for 24 h before being brought to ambient temperature (22 °C) and aged for 24 h.
As observed in the previous self-seeding experiments, the seed length did not change from 66 —
69 °C within standard error (Figure 2.10, Table S2.6). Heating to 70 — 72 °C resulted in P3EHT 23-
b-PEGu113 nanofibers with L, = 781 nm (70 °C, DL = 1.04) to Ln = 2.8 um (72 °C, B = 1.08) (Figure
2.9e-f, 2.10, S2.36a-f, Table S2.6). Critically, in all cases where self-nucleation suppression was
used during self-seeding, the resultant P3EHT23-b-PEG113 nanofibers were higher in length (781
nm - 2.8 um) and exhibited lower dispersities (P. =1.04 — 1.08) compared to when the solution
was cooled directly to 22 °C (Figure 2.10, Table S2.6). Because cooling to 30 °C and maintaining
the solution at 30 °C for 24 h suppresses the self-nucleation pathway, unimer does not have the
possibility to self-nucleate and therefore can only epitaxially crystallize on the termini of the
existing seeds. This consumes available unimer so that when the solution is cooled from 30 °C to
22 °C, there is a lower concentration present in solution capable of self-nucleation. This results in
longer fibers and a lower incidence of small self-nucleated fiber fragments, thereby reducing Dy.
This method allowed us to exert substantial length control, allowing for very high length
conjugated nanofibers of 2.8 pum to be fabricated with a low dispersity (average DL when growth
occurred = 1.05). This result confirms the benefits of suppressing homogenous nucleation during
the self-seeded growth of P3EHT23-b-PEGa13 fibers. Further, it expands the previously reported

self-nucleation suppression method?’ to a conjugated BCP system that does not include a poly(3-
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hexylthiophene) core-forming block. The irregularity of the 2-ethylhexyl side chain has been
shown to cause more distant face-to-face packing in the polythiophene crystal compared to
P3HT3238; however, it is currently unclear if the reduced rate of P3EHT crystallization in solution
provides additional time for reorganization into a more ordered crystalline core. This would have
obvious benefits for optoelectronic properties such as exciton diffusion lengths and further

investigations into this are pending.
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Figure 2.9. TEM images of P3EHT23-b-PEG113 nanofibers generated using self-seeding in 1:1
nBuOH:MeOH when solutions were cooled from (a) 67 °C, (b) 70 °C, (c) 72 °C directly to 22 °C
and aged at 22 °C for 24 h. TEM images of P3EHT23-b-PEG113 nanofibers generated using self-
nucleation suppressed self-seeding in 1:1 nBuOH:MeOH when solutions were cooled from (d) 67
°C, (e) 70 °C, (f) 72 °C to 30 °C, aged at 30 °C for 24 h prior to being cooled to 22 °C and aged at
22 °C for 24 h.
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Figure 2.10. Contour length plot of P3EHT23-b-PEG113 nanofibers formed by self-seeding by
cooling from the self-seeding temperatures directly to 22 °C (blue trace) and from the self-seeding
temperatures to 30 °C and then to 22 °C (self-nucleation suppressed self-seeding) (red trace). Red
points are slightly offset by 0.2 °C for clarity.

2.3.7 Formation of length-controlled B-A-B (P3EHT19-b-P2VP13s-m-P3EHT 23-b-PEG113-m-
P3EHT19-b-P2VP13s) triblock comicelles by seeded growth at 22 °C

Finally, we aimed to extend the living CDSA of BCPs with a P3EHT core-forming block
to include the formation of B-A-B triblock comicelles that possess a segmented coronal structure
by preparing nanofibers with a continuous P3EHT core and a PEG corona located in the central
“A” block and a P2VP corona located on the terminal “B” regions. B-A-B block comicelles
(P3EHT19-b-P2VP138-m-P3EHT 23-b-PEG113-m-P3EHT 19-b-P2VP138) (m = micelle segment) were
fabricated by seeded growth at 22 °C by adding increasing amounts of P3EHT 19-b-P2VP13s unimer
solution (2 mg/mL in CHCIs3) to P3EHT23-b-PEG113 seeds (L, = 44 nm, B. = 1.26, annealed)
(Figure S2.18a) in nBuOH (Figure 2.11a). The triblock comicelle lengths increased linearly with
the unimer-to-seed ratio (Munimer/Mseed = 5 — 20) with lengths ranging from L, = 320 nm to L, = 934
nm and P < 1.06 (Figure 2.11b-e, 2.11g, S2.37, Table S2.7). This can be increased to ~1500 nm
by using self-nucleation suppressed seeded growth (see Figure S2.38-S2.41). The experimental

lengths are identical to theoretically predicted lengths. The difference between the electron density
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of the P2VP corona-forming block and the PEG corona-forming block and the ensuing contrast in
electron density allows for clear visualization of the block structures (Figure 2.11f). The P2VP
block, which is comparatively more electron dense, appears grey in color and diffuse while the
PEG corona is not apparent. To our knowledge, these are the first reported examples of length-

controlled triblock comicelle nanostructures which contain a P3EHT core.
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Figure 2.11. (a) Schematic showing B-A-B (P3EHT19-b-P2VP13s-m-P3EHT23-b-PEG113-m-
P3EHT19-b-P2VP13g) block comicelles. m = micelle segment. TEM images of length-controlled
B-A-B nanofibers. Mynimer/Mseed = (b) 5, (c) 10, (d) 15, and (e) 20. (f) Zoomed in TEM image of
~500 nm long B-A-B (P3EHT19-b-P2VP138-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2VP133)
nanofibers (Munimer/Mseed = 10) showing electron density differences between the central PEG
corona and the terminal P2VP coronas. (g) Plot showing the dependence of B-A-B nanofiber
length (Ln) on unimer-to-seed ratio (Munimer/Mseed).
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2.4 Conclusions and Summary

This chapter details the synthesis and characterization of two P3EHT-containing BCPs,
P3EHT23-b-PEG113 and P3EHT19-b-P2VVP13g, and their self-assembly into length-controlled 1D
nanofibers. As with other polythiophene-based BCP systems, seeded growth experiments at 22 °C
using P3EHT23-b-PEG113 seeds which were not annealed and P3EHT 23-b-PEG113 seeds that had
been annealed at 30 °C for 18 h prior to growth experiments resulted in modest success. Despite
the lack of control over nanofiber lengths when higher equivalents were used, the generally lower
dispersity of nanofibers obtained from growth experiments using annealed seeds (DL = ~ 1.3)
compared to unannealed seeds (DL = ~ 1.5) provides compelling direct evidence that annealing
reduces crystalline defects in the micelle core generated during sonication. Seeded growth of
P3EHT10-b-P2VP13g at 22 °C from annealed seeds resulted in low dispersity fibers with controlled
lengths and low dispersities. In the case of P3EHT23-b-PEGu113, heating the solution to 90 °C and
cooling to temperatures >30 °C resulted in the formation of a supersaturated solution where the
rate of homogenous nucleation was significantly suppressed. This finding allowed us to exert
greater fine control over the length and dispersity of the resultant nanofibers. Self-nucleation
suppressed seeded growth experiments using P3EHT 23-b-PEG113 performed at 30 °C resulted in
nanofibers up to ca. 1 um with AL = ~ 1.1, with lengths closely matching theoretical values.
Conversely, self-seeding experiments using P3EHT23-b-PEG113 allowed for exceptionally long
homogeneous nanofibers of ~2.7 um to be obtained with a dispersity P, = 1.10. These results were
improved upon when self-nucleation suppressed self-seeding of P3EHT23-b-PEG113 was used,
which allowed for the fabrication of ~2.8 um fibers with an average dispersity . = 1.05. To our
knowledge, this is the first example of length-controlled nanofibers that utilize a P3EHT core-

forming block.
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Finally, we successfully formed length-controlled coronally segmented B-A-B block
comicelle structures using living CDSA of BCPs containing a n-conjugated P3EHT core-forming
block. By addition of P3EHT19-b-P2VP133 unimer to P3EHT23-b-PEG113 seeds (to form
P3EHT 19-b-P2VP138-m-P3EHT 23-b-PEG113-m-P3EHT19-b-P2V/P138), we also achieved the first
example of length-controlled triblock comicelle nanostructures which contain a P3EHT core. The
modularity of this nanofiber system provides promising opportunities for energy-funneling
applications and analysis of the exciton diffusion lengths through the fiber core. The hydrogen
bonding capability of the PEG and P2VP coronas also provide us with the opportunity to conduct

surface-confined nanofiber growth experiments, which are currently underway.
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2.5 Supporting Information

2.5.1 Methods

Materials

All reagents used for polymers synthesis were of reagent grade and were used as received
unless otherwise stated. All air-free chemistry was performed in a dinitrogen-filled (N2) MBraun
200B glovebox equipped with a cold-well or using a dinitrogen Schlenk line using standard
techniques. 3-bromothiophene (97%), poly(ethylene glycol) methyl ether (PEG) (average Mn =
5000 Da), (2-ethylhexyl)magnesium bromide (1.0 M in diethyl ether), ethynylmagnesium bromide
(0.5M in THF), 2-vinylpyridine (97%), azobisisobutyronitrile (AIBN) (98%), (2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid 3-azido-1-propanol ester (CTA) (HPLC,
98%), isopropylmagnesium chloride — lithium chloride (iPrMgCI-LiCl) (1.3 M in THF), p-
toluenesulfonyl chloride (99%), sodium azide, and 1,2-bis(diphenylphosphino)propane
dichloronickel(11) (Ni(dppp)Cl2) were purchased from Millipore Sigma. N-Bromosuccinimide
(NBS) was recrystallized from boiling water prior to use*” and Ni(o-tolyl)(dppe)Cl was
synthesized as previously reported.®® 3-(2’-ethylhexyl)thiophene and 2,5-dibromo-3-(2’-
ethylhexyl)thiophene were synthesized as previously reported.®> Copper(l) bromide (CuBr) was
purified by suspending in glacial acetic acid, filtering and washing with copious amounts of
absolute ethyl alcohol then anhydrous ethyl ether followed by drying in a vacuum oven at 80 °C
for three days and storing under nitrogen.”® N,N,N'N’N"-pentamethyldiethylenetriamine
(PMDETA) was degassed prior to use using 3 freeze-pump-thaw cycles and stored under an N>
atmosphere. Solvents were dried and deoxygenated using a Solvent Purification System (SPS).%°
Self-assembly experiments were performed using HPLC grade solvents and the solvents were

filtered through a 0.2 um poly(tetrafluoroethylene) membrane.
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Nuclear Magnetic Resonance (NMR)

'H NMR spectra were taken with a Bruker 500 MHz spectrometer; chemical shifts were

referenced to the residual proteosolvent peak (CHCls, 6 = 7.26 ppm).
Gel Permeation Chromatography (GPC)

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

poly(tetrafluoroethylene) membrane prior to analysis.
Preparatory GPC

Preparatory gel permeation chromatography was performed on a Shimadzu Prep GPC
equipped with a CBM-20A communications bus module, LC-20AP solvent delivery unit, SIL-
10AP autosampler, CTO-40C column oven, SPD-40 UV-Vis detector, RID-20A refractive index
detector, and FRC-10A fraction collector. An initial injection of polymer in THF (1 mL, 10
mg/mL) at a flow rate of 3 mL/min using HPLC grade THF as mobile phase was used to gather
the retention times of the species in solution. Using this data, the fraction collector was calibrated
to separate the desired peaks into separate vials. Subsequent injections (3 mL, 10 mg/mL, 3
mL/min) were repeated until the desired volume was collected. The resulting solutions were
concentrated in vacuo to yield the final polymers. Removal of homopolymers was assessed using

UV-detection on the Malvern Omnisec GPC and thin layer chromatography.
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Transmission Electron Microscopy (TEM)

Carbon films were deposited onto freshly cleaved mica sheets using a Leica EM ACE600
sputter/carbon coater instrument. Carbon films were deposited onto copper grids (500 mesh)
purchased from Ted Pella, Inc. by floatation on water and allowed to dry over 24 h. Samples for
electron microscopy were prepared by drop-casting 10 pL of a colloidal nanofiber solution onto a
TEM grid placed on filter paper to absorb the excess solution. Bright field TEM images were
obtained using a JEOL JEM 1011 microscope operating at 80 kV, equipped with a Gatan Orius

SC1000 CCD camera.
Sonication

Sonication was carried out using a Fisherbrand FB11203 sonication bath (37 kHz

sonication frequency, 100% power) with the sweep function on and a bath temperature of 0 °C.
Variable-temperature UV/Vis absorption spectroscopy (VT-UV/Vis)

VT-UV/vis data was obtained on a Cary 100 spectrometer equipped with a Peltier
temperature controller employing quartz cells (1 cm x 0.1 cm) from 200 to 800 nm. Experiments
were conducted at a concentration of 0.05 mg/mL to allow for convenient monitoring of fiber-like

micelle formation and dissolution.
Wide-Angle X-ray Scattering (WAXS)

Reciprocal space maps were collected with a Pixcel 3D detector on an Empyrean
diffractometer (Panalytical) equipped with a Cu Kal (A= 1.5406 A) source powered at 45 kV and

40 mA.
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Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) height images were taken at ambient temperature in air
using a Bruker Multimode VIII atomic force microscope equipped with a ScanAsyst-HR fast
scanning module and ScanAsyst-Air-HR probe (tip radius of 2 nm), utilising peak force feedback
control. Samples for AFM were drop-cast onto a glow discharged silicon wafer (1 x 1 cm) and

allowed to dry in air before imaging. The spring constant for the AFM tip used was 5 N/m.

2.5.2 Statistical Analysis

Nanofiber lengths and widths were analysed using ImageJ, an open source software
package developed at the US National Institute of Health.>® Approximately 150 micelles were
traced by hand to determine contour lengths that were then used to calculate the number-averaged
length (Ln) and weight-average length (Lw) was calculated by using supplementary equations S2.1
and S2.2 from the measurements of the contour length (Li) of individual micelles, where Nj is the

number of the micelles of length L;, and n is the number of micelles examined in each sample.

U NL;
n
Zi=1Ni

n 2
i=1 NiLj

Equation S2.1) L,, =
(Eq ) n nNiL;

(Equation S2.2) L,, =

Number-averaged width (W) was calculated according to equation S2.3 where Wi = object width

and Nj = number of micelles of length Wi.

TENW;
SIN;

(Equation S2.3) W, =

The polydispersity index (L) and standard deviations (o) of the measured lengths were related

through the following expressions (Eq. S2.4 and S2.5)

2
L L
(Equation S2.4) b, = L—W (Equation §2.5) L—W —-1= (—)

n n
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2.5.3 Synthesis and Characterization

Scheme S2.1. Synthesis of 3-(2’-ethylhexyl)thiophene

1. Ni(dppp)Cl>
s 2. (2-ethylhexyl)magnesium g

\ / bromide - \ /

gy THF, 0°Cto22°C

This product was synthesized using a modified procedure from ref 32.32 The reaction was
performed under an N2 atmosphere using a Schlenk line. A commercial Grignard reagent was used
in place of Mg turnings and 2-ethylhexylbromide. The final compound was purified by
concentrating the yellow solution on a vacuum line equipped with an external liquid nitrogen trap.
The solution was placed under dynamic vacuum (~2 x 102 millibar) while stirring and heating to
65 °C for 24 h to remove remaining starting materials. (11.11 g, 62% yield)."H NMR spectrum

matches what was previously reported in the literature.®

Scheme S2.2. Synthesis of 2,5-dibromo-3-(2’-ethylhexyl)thiophene

s ... S
n-Bromosuccinimide Br Br

\ /] > \
THF, 0°Cto 22 °C

This product was synthesized using a previously published procedure from ref 32.32 The

reaction was performed on the benchtop in air. (11.30 g, 83% yield).
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Scheme S2.3. Synthesis of alkynyl-terminated P3EHT 23

1. iPrMgCI-LiCl

S
Br Br 2 Ni(o-tolyl)(dppe)Cl S 1 .—
\/ 3. =—MgBr -
. P \ / 23
THF, 22 °C

The following procedure was conducted in oven dried glassware, under inert N>
atmosphere in a glove box. To a 500 mL round-bottomed Schlenk flask equipped with a stir bar,
2,5-dibromo-3-(2’-ethylhexyl)thiophene (400 mg, 1.13 mmol, 35 equiv.) was added and dissolved
in SPS THF (200 mL). iPrMgCI-LiCl (1.3 M in THF, 0.84 mL, 34 equiv.) was added dropwise
with vigorous stirring and the solution was stirred at room temperature for 1 h causing the
colourless solution to become light yellow. (o-tolyl)Ni(dppe)Cl (19 mg, 0.032 mmol, 1 equiv.)
was weighed into a vial and dissolved in SPS THF (2 mL) then added to the monomer solution in
one swift injection with vigorous stirring. The yellow solution immediately became dark
orange/red. The polymerization was left for 10 min. before ethynylmagnesium bromide (0.5 M in
THF, 1.6 mL, 25 equiv.) was added in one swift injection. The reaction was allowed to stir for 15
min. before being removed from the glovebox and quenched using cold MeOH (200 mL) followed
by stirring for 25 min. The red solution was collected by centrifugation and then dissolved in
CHCl3 (100 mL) before being washed with water (2 x 150 mL) and then brine (1 x 150 mL). The
CHClI3 fractions were combined, dried using MgSQOg, filtered and concentrated using a rotary
evaporator. The residue was taken up in CHCIz (min. amount), precipitated into acetone and
collected by centrifugation which yielded the product as a red solid (123 mg, 85% yield, Mn = 4,
600 Da, Pm = 1.08). The synthesis of alkynyl-P3EHT 19 was carried out using the same procedure

as detailed above. *H NMR (CDCls = 7.26 ppm, 500 MHz): 7.49-7.44 (m, tolyl), 7.27-7.24 (m,

84



Chapter 2

tolyl), 6.97 (s, thiophene), 3.53 (s, alkyne) 2.76 (d, J = 7.0 Hz, thiophene-CH>-), 2.51 (s, -CHj3),

1.78-1.66 (m, -CH-), 1.46-1.26 (m, -CH2-), 0.92 (m, -CHa).

Scheme S2.4. Synthesis of azide-terminated poly(ethylene glycol) (PEG113-N3)

p-toluenesulfonyl
chloride NaN3

0
s
HO\[‘/\Otﬁ; DCM, 0 °C to 22 ()3-. ¢ O‘I\/\Ohﬁ DMF, 22 °C > Na\[‘/\otﬂ

This product was synthesized using a previously published procedure from ref 52.52

Tosylation was performed on a Schlenk line under N2 atmosphere (5.45 g, 88% yield). Azidation
was performed on a Schlenk line under N2 atmosphere (2.02 g, 69% yield). *H NMR spectra match

what was previously reported in the literature.>® (M =5, 000 Da, Pv = 1.16).

Scheme S2.5. Synthesis of azide-terminated poly(2-vinylpyridine) (P2VP13s-N3)

= o)
N3 O \C12H25 5 y 3 o]
| T DMF, 50 °C 138 S
S N7
|
S

This product was synthesized using a previously published procedure from ref 53.53
Reaction was performed using a Schlenk line under N2 atmosphere (757 mg, 49% yield, M, = 14,

800 Da, bm = 1.23).
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Scheme S2.6. Synthesis of P3EHT 23-b-PEG113

S 1 .— 1. CuBr
¢ N"\[\/\oh” 2.PMDETA
B THF, 45 °C

P3EHT,3-b-PEG 3

Alkynyl terminated-P3EHT23 (123 mg, 0.03 mmol, 1.0 equiv.), PEG113-N3 (184 mg, 0.04
mmol, 1.5 equiv.), and CuBr (23 mg, 0.16 mmol, 6.0 equiv.) were added to a Schlenk flask
equipped with a stir bar and attached to a Schlenk line. The flask was evacuated and backfilled
three times with nitrogen gas before dry THF (20 mL) was added. PMDETA (28 mg, 33 pl, 0.16
mmol, 6 equiv.) was added to the flask. The solution was degassed using 3 freeze-pump-thaw
cycles, the flask was backfilled with nitrogen gas and then stirred at 45 °C for 3 days. To the
orange, clear solution was added CHCIs (50 mL), and the mixture was passed through a basic
alumina plug to remove the copper catalyst. The solution was washed with water (3 x 50 mL) and
brine (1 x 50 mL), dried over magnesium sulfate, gravity filtered, and concentrated using a rotary
evaporator. The solid was taken up in CHCIs (min. amount) and precipitated into pentane. The
crude solid was purified further using preparatory GPC with THF as a mobile phase and purity
was checked using thin layer chromatography with CHCI3z as a mobile phase which showed no
evidence of remaining homopolymers. The final product was a red solid (42 mg, 16% yield). *H
NMR (CDCls, 500 MHz): 7.53-7.41 (m, aromatic), 7.27-7.21 (m, aromatic), 6.94 (s, 23H,
thiophene), 3.64 (s, 529H, O-CH,-CH»-0), 3.55 (m, O-CHj3), 2.73 (d, 56H, thiophene-CH>), 2.51

(s, 3H, -CHs), 1.97-1.52 (m, -CH-), 1.44-1.16 (m, -CH2-), 0.94-0.77 (m, -CHs).

GPC: Mn = 11,900 Da, Hm = 1.06
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Scheme S2.7. Synthesis of P3EHT19-b-P2VP133

s 1. o S_S 1. CuBr
T+ N 138\[]’ CisHys  2.PMDETA
19 PN S THF, 45 °C
l_
o)
N=N S S
S N0 \ﬂ/ CypHys
\ // 9 138 s
NTX
l_

Alkynyl terminated-P3EHT19 (167 mg, 0.04 mmol, 1.0 equiv.), P2VP13s-N3 (757 mg, 0.05
mmol, 1.2 equiv.), and CuBr (34 mg, 0.24 mmol, 6 equiv.) were added to a Schlenk flask equipped
with a stir bar. The flask was evacuated and backfilled three times with nitrogen gas before dry
THF (20 mL) and PMDETA (42 mg, 50 pl, 0.24 mmol, 6 equiv.) were added to the flask. The
solution was degassed using 3 freeze-pump-thaw cycles, the flask was backfilled with nitrogen
gas, sealed, and then stirred at 45 °C for 3 days. To the orange, clear solution was added CHCl3
(50 mL), and the mixture was passed through a basic alumina plug to remove the copper catalyst.
The solution was washed with deionized water (3 x 50 mL) and brine (1 x 50 mL), dried over
magnesium sulfate, gravity filtered, and concentrated using a rotary evaporator. The solid was
taken up in CHCIs (min. amount) and precipitated into hexanes. Following precipitation, excess
P2VP-N3 was removed by precipitation into a solution of THF containing dilute HCI. This resulted
in protonation of the nitrogen atoms in the pyridine rings, causing precipitation of the BCP and
any P2VP homopolymer and leaving P3EHT homopolymer impurities in the THF/HCI

supernatant. The precipitate was then redissolved in CHCls/triethylamine and reprecipitated into
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hexanes. The polymer was then precipitated into acetone several times to remove any P2VP
homopolymer. The solid was taken up in CHCI3 and washed using 1M NaOH solution (3 x 100
mL) to remove any triethylamine hydrochloride, dried over magnesium sulfate, filtered, and
concentrated on a rotary evaporator before being dried overnight at 40 °C in a vacuum oven. Purity
was assessed using thin layer chromatography using chloroform followed by pyridine as mobile
phases which showed no evidence of remaining homopolymers. The final product was a red solid
(31 mg, 4% yield). The low yield was due to a low ethynyl capping percentage on the P3EHT
homopolymer as well as material loss during the repetitive acidification, precipitation, and
washing process. *H NMR (CDCls, 500 MHz): 8.52-8.01 (m, 139H, pyridine N-CH), 7.60 (s, 1H,
triazole H), 7.45-6.01 (bm, 417H, pyridine Hs), 6.94 (s, 19H, thiophene), 3.55 (m, O-CHj3), 2.73
(d, 56H, thiophene-CH?>), 2.49 (s, 3H, o-tolyl-CHs), 1.80-1.66 (bm, ethylhexyl -CH- and pyridine),

1.46-1.26 (m, -CH2-), 0.99-0.70 (m, -CH3). GPC: M, = 18, 300 Da, Dy = 1.14

2.5.4 Gel Permeation Chromatography

Alkynyl-P3EHT23, PEG113-N3, and P3EHT23-b-PEG113

—P3EHT
—PEG-N;
—P3EHT-b-PEG
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Figure S2.1. Overlaid GPC chromatograms of alkynyl-P3EHT23 (blue trace), PEG113-N3 (grey
trace), and P3EHT23-b-PEG113 (red trace). Sample concentrations were 1 mg/mL in THF.
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Alkynyl-P3EHT19, P2VP13s-N3, and P3EHT19-b-P2VP13s

0.8
P3EHT-b-P2VP
0.6
0.4

0.2

Normalized Rl Absorbance

0

16 17 18 19 20 21 22
Retention Volume (mL)

Figure S2.2. Overlaid GPC chromatograms of alkynyl-P3EHT19 (blue trace), P2VP13s-N3 (green
trace), and P3EHT19-b-P2VP13s (red trace). Sample concentrations were 1 mg/mL in THF.

2.5.5 'H NMR Spectroscopy
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Figure S2.3. *H NMR spectrum of alkyne-terminated P3EHT 23 homopolymer (500 MHz, CDCl5).
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Figure S2.4. 'H NMR spectrum of azide-terminated P2VP13s homopolymer (500 MHz, CDCls).
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Figure S2.5. 'H NMR spectrum of P3EHT 23-b-PEGa13 block copolymer (500 MHz, CDCls). Small
unassigned peaks in the spectrum arise from the fact a 500 MHz spectrometer was used, with long
acquisition times and a high number of scans so that integration of the polymer peaks was
achievable. This results in the appearance of impurity signals from species that are in a reasonably

low concentration and do not affect the polymer self-assembly behaviour.
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Figure S2.6. *H NMR spectrum of P3EHT19-h-P2VP135 block copolymer (500 MHz, CDCls).

2.5.6 Crystallization-Driven Self-Assembly Procedures

General self-assembly procedure for polydisperse fibers of P3EHT23-b-PEG113 or P3EHT 10-

b-P2VP13s and seed production

10 mL of deoxygenated nBuOH was added to a vial containing 2 mg of solid P3EHT 23-b-

PEGu13 or P3EHT19-b-P2VP13s which was then heated to 90 °C in a metal heating block for 30

min. The 0.2 mg/mL solution was allowed to cool to 22 °C slowly (ca. 4 h) followed by aging for

24 h. After aging, 10 mL of deoxygenated MeOH was added to form a solution with a final

concentration of 0.1 mg/mL (only for P3EHT23-b-PEG113). The vial was then placed in a 0 °C

ultrasonic cleaning bath and sonicated for 3 h to give seed micelles (37 kHz, 100% power). Seeds

were then annealed at 30 °C for 18 h prior to use.

It should be noted that polydisperse nanofibers can be grown successfully in the

temperature-dependent selective solvent nBuOH alone when heated to 90 °C for 30 min. and
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subsequently cooled to 22 °C, but nanofiber precipitation was observed if the solution was allowed
to stand at 22 °C undisturbed for 96 h or more (only in the case of P3EHT23-b-PEG113). The results
suggested that nBuOH is not sufficiently selective for the PEG corona-forming block at 22 °C and
the more hydrophilic solvent MeOH was added to provide long-term colloidal stability.
Deoxygenated solvents are necessary for long-term stability of P3EHT23-b-PEG113 and P3EHT 19-
b-P2VP13s in solution because these materials, like other poly(3-alkylthiophenes), undergo
oxidative photodegradation through simultaneous cross-linking and alkyl chain scission events,
causing eventual conversion of the red nanofiber solution to an orange/yellow solution.>*>" The
observed conversion over time from red to orange/yellow is likely the result of decreasing

conjugation length in the P3EHT core-forming block as chain scission occurs.
General self-assembly procedure for seeded growth of length-controlled nanofibers at 22 °C

P3EHT23-b-PEG113 seed micelle solution (1:1 nBuOH:MeOH, 0.1 mg/mL) was added to a
vial and diluted with a deoxygenated 1:1 nBuOH:MeOH solution such that the final concentration
will be 0.05 mg/mL following unimer addition. P3EHT23-b-PEG113 unimer solution (2 mg/mL in
deoxygenated THF) was added quickly, the solutions were vortexed for 10 s and then aged at 22

°C for 24 h prior to imaging by TEM.

General self-assembly procedure for self-nucleation suppressed seeded growth of length-

controlled nanofibers using self-nucleation suppression temperatures of 30 °C or 50 °C

Six vials were filled with increasing amounts of P3EHT23-b-PEG113 polydisperse micelle
solution (1:1 nBuOH:MeOH, 0.1 mg/mL), and diluted using a deoxygenated 1:1 nBuOH:MeOH
mixture such that the final concentration after seed addition will be 0.05 mg/mL. The solutions
were heated to 90 °C for 1 h and then cooled to 30 °C (or 50 °C) over ~2 h by placing in a preheated

metal block. Equal amounts of seed micelle solution at 30 °C (or 50 °C) (1:1 nBuOH:MeOH, 0.1
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mg/mL) correlating to Munimer/Mseed = 4, 6, 8, 12, 16 and 20 were added quickly, the solutions were
vortexed for 10 s and then placed back in the 30 °C (or 50 °C) heating block for 24 h. After 24 h,

the solutions were cooled to ambient temperature (22 °C) and aged for 24 h prior to TEM imaging.

General self-assembly procedure for self-seeding of length-controlled P3EHT23-b-PEGu113

nanofibers using cooling directly to 22 °C from self-seeding temperature

P3EHT23-b-PEG113 seed micelle solution (1:1 nBuOH:MeOH, 0.05 mg/mL) was heated to
self-seeding temperatures (66 - 72 °C) for 1 h and then cooled slowly (ca. 4 h) to 22 °C. After
reaching 22 °C and aging for 24 h, the samples were imaged by TEM following solvent

evaporation.

General self-assembly procedure for self-seeding of length-controlled P3EHT23-b-PEGu113

nanofibers using 30 °C as a self-nucleation suppression temperature

P3EHT23-b-PEG113 seed micelle solution (1:1 nBuOH:MeOH, 0.05 mg/mL) was heated to
self-seeding temperatures (66 - 72 °C) for 1 h and then placed into a preheated 30 °C metal block
for 24 h. After 24 h, the solutions were cooled to ambient temperature (22 °C) and aged 24 h prior

to imaging by TEM following solvent evaporation.

General self-assembly for formation of B-A-B (P3EHT19-b-P2VP133-m-P3EHT 23-b-PEG113-

m-P3EHT19-b-P2VP13s P3EHT23-b-PEGu113) triblock comicelles at 22 °C

P3EHT23-b-PEG113 seed micelle solution (1:1 nBuOH:MeOH, 0.1 mg/mL) was added to a
vial and diluted with deoxygenated 1:1 nBuOH:MeOH solution such that the final concentration
after P3EHT19-b-P2VP13s unimer addition will be 0.05 mg/mL. P3EHT19-b-P2VP13s unimer
solution (2 mg/mL in deoxygenated CHCI3) was added quickly, the solutions were vortexed for

10 s and then aged at ambient temperature (22 °C) for 24 h prior to imaging by TEM.
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General self-assembly for formation of B-A-B (P3EHT19-b-P2VP133-m-P3EHT 23-b-PEG113-
m-P3EHT19-b-P2VP13s P3EHT23-b-PEG113) triblock comicelles using self-nucleation

suppressed seeded growth at 55 °C

Various volumes of P3EHT19-b-P2VP13s polydisperse nanofiber solution (0.05 mg/mL,
nBuOH) were placed in separate vials and heated to 90 °C for 1 h and then allowed to cool to 55
°C and maintained at 55 °C for 2 h. Equal amounts of P3EHT 23-b-PEG113 seed solution (L, = 44
nm, DL = 1.26, annealed), also at 55 °C (1:1 nBuOH:MeOH, 0.1 mg/mL), were added to achieve
different munimer/Mseed ratios. After seed addition and mixing, the vials were left at 55 °C for 24 h

and then aged at 22 °C for 24 h prior to imaging by TEM.

2.5.7 UV-Vis Spectroscopy and Variable-Temperature UV/Vis Spectroscopy
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Figure S2.7. (a) Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 23-
b-PEG113 nanofiber solution in 1:1 nBuOH:MeOH (0.05 mg/mL) (red trace) and P3EHT23-b-
PEGu113 unimer in THF (0.1 mg/mL) (orange trace) at 22 °C. (b) Overlayed solution-phase UV-
Vis absorbance plots of polydisperse P3EHT23-b-PEG113 nanofiber solutions in 1:1 nBuOH:MeOH
(0.05 mg/mL) at 22 °C. Red trace spectrum was obtained 1 month after self-assembly was
performed and blue trace spectrum was obtained from the same sample 16 months after self-
assembly was performed. Small differences in the spectra are likely due to minor annealing of the
crystal structure (Amax, blue trace = 487 Nm).
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Figure S2.8. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 19-b-
P2VP13g nanofiber solution in nBuOH (0.05 mg/mL) (red trace) and P3EHT 19-b-P2VP138 unimer
in CHCI3 (0.1 mg/mL) (orange trace) at 22 °C.

8
c 12 —20°C
2 30 °C
2 —35°C
g 08 _4000
B 06 —45°C
N
T 04
E
c 0.2
pd

0

350 400 450 500 550 600 650
Wavelength (nm)

Figure S2.9. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 23-b-
PEGu113 nanofiber solutions in 1:1 nBuOH:MeOH (0.05 mg/mL) used to investigate self-nucleation
suppression temperatures (where a supersaturated solution has formed after heating and cooling).
The following procedure was completed for all the temperatures listed in Figure S2.9 with 35 °C
being used as a representative example. A polydisperse P3EHT23-b-PEG113 nanofiber solution
(0.05 mg/mL) was heated to 90 °C for 1 h to ensure it was in the unimeric state and then quickly
transferred to a preheated metal block at 35 °C where it was left at 35 °C for 24 h. The solution
was then quickly transferred into a quartz cuvette placed in a UV-Vis spectrometer equipped with
a heating block that was set to 35 °C and analyzed.
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20 °C 90 °C
(nanofibers) (unimers)

Figure S2.10. (a) Left vial — Polydisperse P3EHT23-b-PEGi113 nanofiber solution (1:1
nBuOH:MeOH, 0.05 mg/mL) at 20 °C after self-assembly (red, self-assembled). Right vial —
Solution (1:1 nBuOH:MeOH, 0.05 mg/mL) of polydisperse P3EHT23-b-PEG113 nanofibers that
was heated to 90 °C (yellow/orange, unimeric). (b) Left vial — Self-assembled P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.05 mg/mL) at 20 °C while being irradiated
with 365 nm light. Right vial — Solution (1:1 nBuOH:MeOH, 0.05 mg/mL) of polydisperse
P3EHT23-b-PEG113 nanofibers that was heated to 90 °C (yellow/orange, unimeric) while being
irradiated with 365 nm light.
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Figure S2.11. Overlayed solution-phase UV-Vis absorbance plots from polydisperse P3EHT 19-b-
P2VP13s nanofiber solutions in nBuOH (0.05 mg/mL) used to investigate self-nucleation
suppression temperatures (where a supersaturated solution has formed after heating and cooling).
The following procedure was completed for all the temperatures listed in Figure S2.11 with 55 °C
being used as a representative example. A polydisperse P3EHT19-b-P2VP13g nanofiber solution
(0.05 mg/mL) was heated to 90 °C for 1 h to ensure it was in the unimeric state and then quickly
transferred to a preheated metal block at 55 °C where it was left at 55 °C for 24 h. The solution
was then quickly transferred into a quartz cuvette placed in a UV-Vis spectrometer equipped with
a heating block that was set to 55 °C and analyzed.
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2.5.8 Wide Angle X-Ray Scattering
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Figure S2.12. (a) Solid-state WAXS pattern of a film of polydisperse P3EHT23-b-PEG113
nanofibers after background subtraction. The film was formed by drop-casting a polydisperse
nanofiber solution (5 mg/mL) in 1:1 nBuOH:MeOH onto a crystalline silicon substrate. (b) Solid-
state WAXS pattern of a film of polydisperse P3EHT19-b-P2VP13s nanofibers after background
subtraction. The film was formed by drop-casting a polydisperse nanofiber solution (5 mg/mL) in
nBuOH onto a crystalline silicon substrate.
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2.5.9 Atomic Force Microscopy
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Figure S2.13. (a) AFM height image of ~800 nm homogenous P3EHT 23-b-PEG113 fibers (made
by self-nucleation suppressed seeded growth at 30 °C, Munimer/Mseed = 16) in 1:1 nBuOH:MeOH
(0.05 mg/mL) drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height
profile shown in (b) drawn perpendicular to the long axis of the nanofibers. Series 1 - height: 6.8
nm; Series 2 - height: 7.3 nm; Series 3 - height: 7.8 nm; Series 4 - height: 6.4 nm; Series 5 - height:
8.0 nm. Average height: 7.3 nm + 0.7 nm. (¢c) AFM height image of ~400 nm homogenous
P3EHT19-b-P2VP13g fibers (made by seeded growth, Munimer/Mseed = 16) in NnBUOH (0.05 mg/mL)
drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile shown in
(d) drawn perpendicular to the long axis of the nanofibers. Series 1 - height: 5.7 nm; Series 2 -
height: 6.0 nm; Series 3 - height: 5.7 nm; Series 4 - height: 6.2 nm; Series 5 - height: 6.0 nm.

Average height =5.9 nm £ 0.2 nm.
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Figure S2.14. Cartoon schematic showing the chain packing geometry (not drawn to scale) and
dimensions of a P3EHT23-b-PEG113 fiber.

2.5.10 Transmission Electron Microscopy

Figure S2.15. (a, b) TEM images of polydisperse P3EHT23-b-PEG113 nanofibers made by heating
solid P3EHT23-b-PEG113 in deoxygenated nBuOH to 90 °C for 30 min. and then cooling the 0.2
mg/mL solution to 22 °C and aging 24 h. After aging, an equivalent amount of deoxygenated
MeOH was added to form a solution with a final concentration of 0.1 mg/mL. The samples were
then drop-cast onto a carbon-coated copper TEM grid and imaged by TEM following solvent
evaporation.
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Figure S2.16. (a, b) TEM images of polydisperse P3EHT 19-b-P2VP138 nanofibers made by heating
solid P3EHT19-b-P2VP13s in deoxygenated nBuOH to 90 °C for 30 min. and then cooling the
solution (0.1 mg/mL) to 22 °C and aging at 22 °C for 24 h. The samples were then drop-cast onto
a carbon-coated copper TEM grid and imaged following solvent evaporation.

Seed Fabrication
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Figure S2.17. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBUuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. (b) Histogram
showing the fiber length distribution of PSEHT23-b-PEG113 seeds (Ln = 42 nm, Lw = 54 nm, D =
1.28, 6 =+£22 nm, n=173).
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Figure S2.18. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the fiber length distribution of annealed P3EHT23-b-PEG113 seeds (Ln = 44

nm, Lw =55 nm, B = 1.26, 6 ==+ 22 nm, n = 168).
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Figure S2.19. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the fiber length distribution of PSEHT23-b-PEG113 seeds (L, = 65 nm, Lw

=75nm, DL =1.16,6 =+ 27 nm, n = 163).
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Figure S2.20. (a) TEM image of seeds formed by ultrasonication of a P3EHT19-b-P2VP13s
polydisperse nanofiber solution (nBuOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were annealed at 30
°C for 18 h prior to use then cooled to 22 °C and imaged following solvent evaporation. (b)

Histogram showing the fiber length distribution of P3EHT19-b-P2VP13s seeds (Ln = 23 nm, Lw =
25nm, PL=1.07, 6 =+ 6 nm, n = 165).
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Attempted length-control of nanofibers formed using seeded growth at 22 °C

Seeded growth at 22 °C with P3EHT23-b-PEGa13 seeds which were not annealed

Figure S2.21. TEM images of P3EHT23-b-PEGa13 nanofibers in 1:1 nBuOH:MeOH (0.05 mg/mL)
formed by living CDSA seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL)
which were not annealed prior to use. P3EHT23-b-PEG113 seed micelles (1:1 nBuOH:MeOH, 0.1
mg/mL) were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20 equivalents of P3EHT 23-b-
PEGa113 unimer (THF, 2 mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h followed by
solvent evaporation prior to TEM imaging.

® Experimental Length

2000 o o A Theoretical Length 1.60
® @ Dispersity 1.50
140 >
‘»
1.30 §
1]
1.200
1.10
1.00
0 5 10 15 20
munimel/ Mseeq

Figure S2.22. Plot showing the dependence of fiber length (L») on unimer to seed mass ratio when
using P3EHT23-b-PEG113 seeds (Ln = 42 nm, DL = 1.28) that were not annealed prior to seeded
growth experiments at 22 °C. Error bars represent standard deviation.
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Table S2.1. Summary of data from seeded growth experiments with P3EHT23-b-PEG113 seed
micelles which were not annealed. o is standard deviation in L, measurements.

Munimer/ Mseed

Ln LW DL (0)
Seeds 42 54 1.28 | 22
4 168 | 264 | 157 |124
6 200 | 314 | 157 | 156
8 236 | 354 | 150 | 167
12 609 | 786 | 1.29 | 328
16 731 | 403 | 1.31 | 403
20 1058 | 1568 | 1.48 | 734
a) b) c)
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Length (nm) Length (nm) Length (nm)
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Figure S2.23. Histograms showing the nanofiber length distribution of P3EHT23-b-PEG113 seed
micelles (not annealed) that were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20
equivalents of P3EHT23-b-PEG113 unimer in THF at 22 °C.
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Seeded growth at 22 ° C with P3EHT23-b-PEGa113 seeds that were annealed at 30 °C for 18 h
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Figure S2.24. TEM images of P3EHT23-b-PEGa13 nanofibers in 1:1 nBuOH:MeOH (0.05 mg/mL)
formed by living CDSA seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL)
which were annealed at 30 °C for 18 h prior to use. Annealed P3EHT23-b-PEG113 seed micelles
(0.1 mg/mL, 1:1 nBuOH:MeOH) were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20
equivalents of P3EHT23-b-PEGa113 unimer (THF, 2 mg/mL) at 22 °C. Solutions were aged at 22 °C

for 24 h followed by solvent evaporation prior to TEM imaging.
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Figure S2.25. Plot showing the dependence of fiber length (L») on unimer to seed mass ratio when
using seeds (Ln =44 nm, D, = 1.26) that were annealed at 30 °C for 18 h prior to conducting seeded
growth experiments at 22 °C. Error bars represent standard deviation.
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Table S2.2. Summary of data from seeded growth experiments at 22 °C with P3EHT23-b-PEG113
seed micelles (1:1 nBuOH:MeOH, 0.05 mg/mL) which were annealed at 30 °C for 18 h. ¢ is

standard deviation in L, measurements.

Munimer/Mseed | Ln Lw DL o

Seeds 44 55 126 | 22
4 131 170 | 1.30 | 72

6 200 258 | 1.29 | 156

8 403 516 | 1.28 | 215

12 313 382 | 1.22 | 109

16 326 411 | 1.26 | 168

20 1528 | 1986 | 1.30 | 839
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Figure S2.26. Histograms showing the nanofiber length distribution of annealed (30 °C, 18 h)
P3EHT23-b-PEGa113 seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) that were treated with (a) 4,
(b) 6, (c) 8, (d) 12, (e) 16, and (f) 20 equivalents of P3EHT23-b-PEG113 unimer (THF, 2 mg/mL)
at 22 °C. Final concentrations were 0.05 mg/mL.
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Seeded growth at 22 °C with P3EHT19-b-P2VP133 seeds which were annealed at 30 °C for 18

h prior to use

Figure S2.27. TEM images of P3EHT19-b-P2VP135 nanofibers in nBuOH (0.05 mg/mL) formed
by living CDSA seeded growth using seed micelles (23 nm, 0.1 mg/mL, nBuOH) which were
annealed at 30 °C prior to use. P3EHT19-b-P2VP13s seed micelles (0.1 mg/mL, nBuOH) were
treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, (f) 20, (g) 30, and (h) 40 equivalents of P3EHT19-b-
P2VP13s unimer (2 mg/mL, CHCIz) at 22 °C. Solutions were aged at 22 °C for 24 h followed by
solvent evaporation prior to TEM imaging.
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Figure S2.28. Plot showing the dependence of fiber length (L») on unimer-to-seed mass ratio when
using P3EHT 19-b-P2VP13g seeds (Ln = 23 nm, D, = 1.08) that were annealed at 30 °C for 18 h prior
to seeded growth experiments at 22 °C. Error bars represent standard deviation.

Table S2.3. Summary of data from seeded growth experiments at 22 °C with P3EHT 19-b-P2VP13g
seed micelles which were annealed at 30 °C for 18 h prior to use. o is standard deviation in L
measurements.

Munimer/Mseed | Ln Lw DL c
Seeds 23 25 1.07 6
4 107 | 116 | 1.09 | 31
6 152 | 163 | 1.07 | 40
8 207 | 219 | 1.06 | 51
12 321 | 347 | 1.08 | 90
16 388 | 419 | 1.08 | 108
20 433 | 472 | 1.09 | 127
30 746 | 813 | 1.09 | 230
40 912 | 994 | 1.09 | 287
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Figure S2.29. Histograms showing the nanofiber length distribution of PSEHT19-b-P2VP135 seed

micelles that were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, (f) 20, (g) 30, and (h) 40 equivalents
of P3EHT19-b-P2VP13g unimer in CHCI3 at 22 °C.
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Self-nucleation suppressed seeded growth of length-controlled P3EHT23-b-PEGu13

nanofibers at 30 °C using annealed P3EHT 23-b-PEG113 seeds (Batch 1)

Figure S2.30. TEM images of P3EHT23-b-PEGa13 nanofibers formed in 1:1 nBuOH:MeOH (0.05
mg/mL) by self-nucleation suppressed seeded growth (30 °C) following solvent evaporation.
Unimer-to-seed ratio munimer/Mseed = () 4, (b) 6, (C) 8, (d) 12, (e) 16, and (f) 20. Fibers are formed
through the addition of P3EHT23-b-PEG113 seed micelles in (1:1 nBuOH:MeOH, 0.1 mg/mL) to
polydisperse nanofiber solutions (1:1 nBuOH:MeOH, 0.1 mg/mL) which were heated to 90 °C for
1 h and then cooled to 30 °C over the course of 2 h. Following seed addition at 30 °C, solutions
were maintained at 30 ° C for 24 h before being cooled to 22 °C and aged at 22 °C for 24 h.
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Table S2.4. Summary of data from self-nucleation suppressed seeded growth experiments of
P3EHT23-b-PEG113 nanofibers at 30 °C. ¢ is standard deviation in L, measurements.

Munimer/ Mseed Ln Lw DL

(0}
Seeds 44 55 1.26 | 22
4 290 | 319 | 1.10 | 94
6 471 | 509 | 1.08 | 134
8 396 | 436 | 1.10 | 190
12 768 | 883 | 1.15 | 300
16 791 | 862 | 1.09 | 236
20 913 1023 | 1.12 | 305
a) b) c)
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Figure S2.31. Histograms showing the nanofiber length distribution of P3EHT23-b-PEG113 fibers
formed using self-nucleation suppressed seeded growth at 30 °C. Unimer-to-seed ratio Mynimer/Mseed

= (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20.
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Self-nucleation suppressed seeded growth of length-controlled P3EHT23-b-PEGu13

nanofibers at 50 °C using annealed P3EHT23-b-PEG113 seeds (Batch 1)

Figure S2.32. TEM images of P3EHT23-b-PEGa13 nanofibers formed in 1:1 nBuOH:MeOH (0.05
mg/mL) by self-nucleation suppressed seeded growth (50 °C) following solvent evaporation.
Unimer-to-seed ratio munimer/Mseed = () 4, (b) 6, (C) 8, (d) 12, (e) 16, and (f) 20. Fibers are formed
through the addition of P3EHT23-b-PEG113 seed micelles (0.1 mg/mL, 1:1 nBuOH:MeOH) to
polydisperse nanofiber solutions (0.1 mg/mL, 1:1 nBuOH:MeOH) which were heated to 90 °C for
1 h and then cooled to 50 °C over the course of 2 h. Following seed addition at 50 °C, the solutions
were maintained at 50 ° C for an additional 24 h before being cooled to 22 °C and aged at 22 °C
for 24 h.
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Figure S2.33. Plot showing the dependence of P3EHT23-b-PEG113 fiber length (L) on unimer to
seed mass ratio when using using self-nucleation suppressed seeded growth at 50 °C.
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Table S2.5. Summary of data from self-nucleation suppressed seeded growth experiments of
P3EHT23-b-PEG113 nanofibers at 50 °C. ¢ is standard deviation in L, measurements.

Munimer/Mseed Ln Lw DL (¢
Seeds 44 55 126 | 22
4 292 | 315 | 1.08 | 84
6 467 | 546 | 1.17 | 195
8 501 | 551 | 1.10 | 162
12 683 | 779 | 1.14 | 257
16 712 | 812 | 1.14 | 270
20 579 | 666 | 1.15 | 223
a) b) )
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Length (nm) Length (nm) Length (nm)
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Figure S2.34. Histograms showing the nanofiber length distribution of P3EHT23-b-PEGu113 fibers
formed using self-nucleation suppressed seeded growth at 50 °C. unimer-to-seed ratio Munimer/Mseed
=(a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20.
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Length-controlled P3EHT23-b-PEG113 nanofibers by self-seeding and self-nucleation

suppressed self-seeding

Figure S2.35. TEM images of P3EHT23-b-PEG113 nanofibers formed through self-seeding by
heating annealed seed solutions (1:1 nBuOH:MeOH, 0.05 mg/mL, batch 2, 65 nm) to the self-
seeding temperatures for 1 h and then cooling directly to 22 °C slowly (ca. 4 h) followed by aging
24 h and solvent evaporation. Self-seeding temperatures (a) 67 °C, (b) 68 °C, (c) 69 °C, (d) 70 °C,
(e) 71 °C, and (f) 72 °C.
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Figure S2.36. TEM images of P3EHT23-b-PEG113 nanofibers formed through self-seeding by
heating annealed seed solutions (1:1 nBuOH:MeOH 0.05 mg/mL, batch 2, 65 nm) to the self-
seeding temperatures for 1 h and then cooling to 30 °C slowly (ca. 4 h) and aging at 30 °C for 24
h. Solutions were then cooled to 22 °C and aged 24 h followed by solvent evaporation. Self-seeding
temperatures (a) 67 °C, (b) 68 °C, (c) 69 °C, (d) 70 °C, (e) 71 °C, and (f) 72 °C.
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Table S2.6. Summary of contour length data from 1) heating annealed seed solutions (1:1
nBuOH:MeOH, 0.05 mg/mL, batch 2, 65 nm) to self-seeding temperatures and then directly
cooling to 22 °C followed by aging at 22 °C for 24 h prior to TEM imaging and measurement and
2) self-nucleation suppressed self-seeding experiments where annealed seed solutions (1:1
nBuOH:MeOH, 0.05 mg/mL, batch 2, 65 nm) were heated to self-seeding temperatures, cooled to
30 °C and aged at 30 °C for 24 h before being cooled to 22° and aged at 22 °C for 24 h prior to
TEM imaging and measurement.

Cooled directly to 22 °C Cooled to 30 °C and then 22 °C
Self-Seeding T Ln Lw DL c Ln Lw | DL c
(°C)

Seeds 65 75 1.16 | 27 65 75 | 1.16 27
66 45 58 1.28 | 24 40 49 | 1.23 19
67 42 54 1.29 | 23 130 140 | 1.08 38
68 48 62 1.30 | 26 40 46 | 1.16 16
69 100 114 1.14 | 37 135 147 | 1.09 40
70 215 245 1.15 | 82 781 812 | 1.04 147
71 950 1283 1.35 |564| 1210 |1258| 1.04 241
72 2743 | 3017 1.10 | 878 | 2852 |3080| 1.08 832
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Length-controlled B-A-B triblock comicelles by seeded growth of P3EHT 19-b-P2VP13s from

P3EHT23-b-PEG113  seeds (P3EHT 10-b-P2VP138-m-P3EHT23-b-PEG113-m-P3EHT 10-b-
P2VP13g) at 22 °C
Table S2.7. Summary of data from seeded growth experiments at 22 °C to form B-A-B (P3EHT10-

b-P2VP138-m-P3EHT 23-b-PEG113-m-P3EHT19-b-P2VP138) triblock comicelles with a central
P3EHT23-b-PEG113 block and terminal P3EHT 19-b-P2VP138 blocks. o is standard deviation in Ln.

Munimer/Mseed Ln Lw DL c
Seeds 44 75 1.26 | 22
5 320 | 330 | 1.03 | 63
10 560 594 | 106 |134
15 7l 816 1.05 | 166
20 932 979 | 1.05 | 212
a) b)
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Figure S2.37. Histograms showing nanofiber length distribution of B-A-B (P3EHT19-b-P2VP13s-
M-P3EHT23-b-PEG113-m-P3EHT19-b-P2VP13g) triblock comicelle seeded growth experiments.
Annealed P3EHT23-b-PEG113 seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL, batch 1, 44 nm) were
treated with (a) 5, (b) 10, (c) 15 and (d) 20 equivalents of P3EHT19-b-P2V/P135 unimer in CHCI3
(2 mg/mL) at 22 °C. Final concentrations were 0.05 mg/mL.
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Length-controlled B-A-B triblock comicelles by self-nucleation suppressed seeded growth of
P3EHT19-b-P2VP13s from P3EHT23-b-PEG113 seeds (P3EHT19-b-P2VP13s-m-P3EHT23-b-

PEG113-m-P3EHT19-b-P2VP13s) at 55 °C
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QOC 55 °C /2 f\ at 55 °C
s //
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Unimer solution at 55 °C B *’*’
; 2 Length-controlled
E P3EHT 15-b-P2VP 1 36-m-P3EHT 55-
Seeds in 1:1 b-PEG413-m-P3EHT 15-b-P2VP 35
nBuOH:MeOH B-A-B Block Comicelle

Polydisperse
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Figure S2.38. Cartoon schematic showing self-nucleation suppressed growth of B-A-B (P3EHT 10-
b-P2VP138-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2VP138) block comicelles prepared by the
addition of P3EHT23-b-PEG113 seeds to P3EHT19-b-P2VP13g unimer in nBuOH at 55 °C.
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Figure S2.39. Plot showing the dependence of B-A-B (P3EHT19-b-P2VP13s-m-P3EHT23-b-
PEG113-m-P3EHT19-b-P2VP13g) fiber length (Ln) on unimer to seed mass ratio when using using
self-nucleation suppressed seeded growth at 55 °C.
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a)

c)

Figure S2.40. TEM images of B-A-B (P3EHT19-b-P2VP133-m-P3EHT 23-b-PEG113-m-P3EHT 19-b-
P2VP13s P3EHT23-b-PEG113) nanofibers formed in nBuOH (0.05 mg/mL) by self-nucleation
suppressed seeded growth (55 °C) following solvent evaporation. Unimer-to-seed ratio
Munimer/Mseed = (@) 5, (b) 10, (c) 15, and (d) 30.

Table S2.8. Summary of data from self-nucleation suppressed seeded growth experiments at 55
°C to form B-A-B (P3EHT19-b-P2VP133-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2V/P13g) triblock
comicelles with a central P3EHT23-b-PEG113 block and terminal P3EHT19-b-P2VP13g blocks. 6 is
standard deviation in L, measurements.

Munimer/Mseed Ln Lw DL (]

Seeds 44 55 | 126 | 22

5 251 | 286 | 1.14 | 94
10 431 | 470 | 1.09 | 131
15 1049 | 1122 | 1.07 | 273
30 1535 | 1627 | 1.06 | 378
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Figure S2.41. Histograms showing the nanofiber length distribution of B-A-B (P3EHT19-b-
P2VP133-m-P3EHT23-b-PEG113-m-P3EHT19-b-P2VVP138)  triblock comicelle  self-nucleation
suppressed seeded growth experiments with a central P3EHT23-b-PEG113 block and terminal
P3EHT19-b-P2VP13s blocks at 55 °C. Unimer-to-seed ratio Munimer/Mseed = (a) 5, (b) 10, (c) 15, and
(d) 30. Final concentrations were 0.05 mg/mL.
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Chapter 3

3.1 Abstract

Crystallization-driven self-assembly (CDSA) of polymeric amphiphiles with a
crystallizable core-forming block has emerged as a powerful method to create morphologically
pure samples of 1-dimensional (1D) nanofibers with a wide array of potential applications. Many
previous investigations into solution phase m-conjugated block copolymer (BCP) CDSA have
focused on BCPs with a crystalline rod-like core-forming block and amorphous, coil-like corona-
forming block. Reports on the solution-phase CDSA of BCPs where both the core- and corona-
forming blocks are rigid are comparatively rare. Here, we report studies of the synthesis and self-
assembly of two all-conjugated poly(3-hexylthiophene)-b-poly(2,5-bis(2-ethylhexyloxy)p-
phenylene) BCPs (P3HTeo-b-PPP3o and P3HTss-b-PPP1s) with crystallizable P3HT core-forming
blocks and different overall molar masses but similar core:corona block ratios (~2:1). Previous
self-assembly studies using similar materials only produced short nanofibers (~120 nm) while we
were able to fabricate long (>5 um) polydisperse nanofibers from both materials here, which are
desirable for optoelectronic applications. WAXS and AFM were used to characterize the internal
nanofiber core crystallinity and the nanoscale morphology, respectively, and UV/Visible
spectroscopy was used to probe the temperature-dependent crystallization behaviour, including
temperatures where self-nucleation was supressed upon cooling (>50°C). This work provides a
method for forming long polydisperse nanofibers with well-connected core domains for potential

applications involving energy transfer.
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3.2 Introduction

1D core-shell nanofibers formed by self-assembly of amphiphilic BCPs with a
n-conjugated core-forming segment are candidates for applications in optoelectronic devices and
energy funnelling.®* These nanostructures can exhibit many desirable characteristics for
application in these fields, such as high absorptivity, photostability, charge carrier mobility, and
fluorescent quantum yields.>>® Efficient intra- and inter-chain m-orbital overlap leads to charge
delocalization throughout the nanofiber core, creating conductive networks for effective energy
transfer. These structures can also be made solution-processable through facile modification of the

conjugated backbone, a practical advantage for device fabrication.’

Crystallization-driven self-assembly (CDSA) has emerged as a convenient methodology to
fabricate morphologically pure samples of well-defined structures such as 1D nanofibers and 2D
platelets from BCPs with a crystallizable conjugated core-forming block.®® Crystallization is an
exothermic process that lowers energy by forming a more stable, ordered structure with minimized
potential energy. The self-assembly of BCPs with a crystallizable core-forming segment is driven
by solvophobic interactions between the core-forming block and the solvent and the lattice energy
contribution from core crystallization to produce structures with low core:corona interfacial
curvature.21° CDSA is compatible with a variety of crystalline-core BCPs, including n-conjugated
materials such as oligo- and poly(p-phenylene vinylene)s,*** poly(chalcogenophene)s,>2° and
polyfluorenes.?!?? These materials have been used for photocatalytic hydrogen production,? as the
active layer in organic field effect transistors,® and for flexible pressure sensors?; however,

exerting control over the length and dimensions of these nanostructures remains challenging.®2425

Living CDSA is a useful seeded growth technique to generate low length dispersity (D)
(< 1.1) samples of 1D micelles with controlled size and dimensions.'?¢?° The living CDSA
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seeded growth method begins with the formation of long polydisperse nanofibers that are
subsequently fragmented by sonication to generate short “seed” micelles with low length
differences.’®?” The seeds remain active towards the addition of molecularly dissolved BCP
(unimer) in a good solvent for both blocks. Epitaxial crystallization of unimer on the seed termini
creates nanofibers with final lengths that are linearly correlated to the unimer-to-seed mass ratio
(Munimer/Mseed) providing that the added unimer only adds to the seed termini and does not create
new nuclei by self- (or homogeneous) nucleation. This produces uniform samples of nanofibers

that possess a highly ordered nanofiber core, facilitating processes such as energy transfer.2622

Despite the prevalence of polymeric functional materials in organic photovoltaics, short
exciton diffusion lengths of 5-10 nm continue to limit their practical use.® It is not fully understood
why such a broad range of materials exhibit similarly low exciton diffusion lengths, but some
factors thought to be involved are the fast intrinsic decay rates of photoexcited polymer chains
back to their ground state, strong exciton-phonon coupling, and high energy barriers to exciton
transfer 303! Recent research also suggests that low exciton diffusion lengths in organic solar cell
films occur due to the energetic and structural disorder inherent to commonly used film fabrication
methods such as spin-coating or thermal evaporation, resulting in weak electronic coupling
between chromophores.®! In this context, in collaboration with Rao and Friend we recently
reported the living CDSA of a poly(di-n-hexylfluorene)-b-poly(ethylene glycol) and a poly(di-n-
hexylfluorene)-b-quaternized-P3HT block copolymer system to form modular B-A-B block
comicelles that exhibited high exciton diffusion lengths of ~200 nm in solution.?? Living CDSA
seeded growth has also been utilized with charged, phosphonium terminated-P3HT amphiphiles
to produce length-controlled nanofibers that allowed for even higher exciton diffusion lengths of

~350 nm in thin films.® The long diffusion lengths in these materials are believed to arise from a
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transient delocalization mechanism in which exciton coupling to vibronic states occurs.®! This is
made possible by the uniform energy landscape in the core, generated by the living CDSA process

through epitaxial growth.

Previous investigations into self-assembled, n-conjugated nanofibers made using solution-
phase CDSA have primarily involved using BCPs with a crystallizable, rigid rod-like core-forming
block and a corona-forming block that adopts an amorphous, coiled confirmation in solution.32-3*
Reports investigating the solution-phase CDSA of BCPs in which both the core and corona blocks
are rigid are however comparatively scarce.®>*! All-conjugated BCPs are an attractive target from
a photophysical perspective as they combine the absorbance profiles of both blocks to cover a
larger area of the UV/visible/NIR spectrum, with obvious benefits for applications in light-
harvesting devices.* From a synthetic perspective, the synthesis and purification of all-conjugated
BCPs is relatively straightforward compared to approaches such as copper-catalyzed azide-alkyne
or “’thiol-ene” click chemistry or macroinitiated block copolymerization that are commonly used
to prepare rod-coil BCPs. All-conjugated BCPs can instead be prepared by Kumada catalyst
transfer polycondensation (KCTP), a one-pot strategy that eliminates the need for synthesis and

purification of separate blocks that gives BCPs in high yield with low dispersity.*?

A study by Choi and coworkers on the solution self-assembly of polythiophene-b-PPP
BCPs with linear n-hexyloxy substituents on the PPP corona-forming block showed that BCPs
with a low core:corona block ratio (1:2) exhibited a preference for forming nanospheres and short
nanorods over longer nanofibers.3® When a BCP with a higher core:corona block ratio of 1:1 was
used, thereby increasing the volume fraction of the polythiophene core-block, a larger area of the
solvophobic core becomes exposed to the solvent. To minimize this unfavorable interaction, the

nanospheres with exposed cores cling to one another to form longer nanofibers with oscillating
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heights, referred to as “nanocaterpillars”.®® Choi et al. state that even though the nanospheres
associate with one another, the sterically large, diffuse corona-forming block limits the contact
between the spheres.® This results in a discontinuous fiber with a non-uniform core, which would
impair the flow of charges within the fiber if it were used for electronic applications. This suggests
that further reduction of the corona-forming block volume fraction would reduce steric interactions
between adjacent coronal units, thereby exposing more of the solvophobic polythiophene core and
promoting the growth of longer, better connected nanofibers. Based on this hypothesis, P3HT-b-
PPP BCPs with a comparatively high ratio of core to corona were used in this study (~2:1) to
promote growth of 1D nanofibers with high lengths and well-connected core domains. While Choi
et al. demonstrated nanofibers with lengths of ~120 nm,*® longer (>1 um) nanofibers are more
desirable for optoelectronic applications because intra-fiber energy transfer between P3HT chains
within the micelle core is more efficient than inter-fiber transfer.® Charge carrier mobility increases
as fiber length increases due to the decreased incidence of grain boundaries, as well as an effective
increase in grain size.®> Additionally, having a well-connected fiber core creates a uniform energetic
landscape across which charges can efficiently flow. For these reasons, maximizing nanofiber
length and producing highly crystalline, homogeneous fibers can improve electronic performance
in conductive nanofiber-based devices. A follow-up report by Choi and coworkers using branched
2-ethylhexyloxy substituents on the PPP moieties and monomethylated thiophene rings found that
long (>2 um) nanocaterpillars could be formed when using BCPs with core:corona ratios of 1:2
and ~1:1.% It is proposed that the higher core:corona block ratios used here, along with the
increased relative solubility of n-hexyl substituted thiophenes relative to methyl-substituted
thiophenes, will have cooperative effects to slow down face-to-face packing of the core forming

block leading to better connected cores, optimal crystal packing and longer nanofibers. To this
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end, this report describes the synthesis of two fully conjugated BCPs, P3HTeo-b-PPP3o and
P3HT3s-b-PPP1s, and investigates their crystallization behaviour and their self-assembly into long

(>5 um) nanofibers.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of P3HTn-b-PPPm BCPs

A KCTP polymerization involving sequential addition of Grignard-activated monomers to
an ortho-tolyl-functionalized nickel(ll) catalyst was used to synthesize P3HTego-b-PPP3o and
P3HT3s-b-PPP1s (Figure 3.1), where the subscripts denote the number-average degree of
polymerization of the respective blocks (DPn).** Poly(para-phenylene) (PPP) bearing two
asymmetrically branched 2-ethylhexyloxy substituents in the 2- and 5- positions of the phenylene
rings was chosen as the coronal block as these side chains hinder efficient crystal packing in the
corona to render it amorphous. Since the thiophene monomer is a comparatively stronger -donor
than the phenylene monomer, the order of addition to the nickel catalyst is critical to reaction
success.*#" As such, the PPP monomer was polymerized first by adding iPrMgCl-LiCl to a THF
solution of 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene followed by addition of Ni(o-
tolyl)(dppe)CIl which resulted in formation of the PPP homopolymers with a living chain end
(Scheme S3.2, S3.3). Grignard-activated 2,5-dibromo-3-hexylthiophene monomer was then added
to the living PPP solution to afford P3HT-b-PPP BCPs. PPP homopolymer aliquots were purified
by washing the precipitated solid with copious amounts of methanol (MeOH) and BCPs were
purified by precipitation into ice-cold MeOH followed by acetone. Low dispersity BCPs were
obtained following fractionation of the crude product using preparatory GPC. This resulted in
P3HTeo-b-PPP3o and P3HT3s5-b-PPP1s polymer samples in yields of 38% and 69%, respectively.
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The number-average molar mass (Mn) and dispersity (Pwm, where Dy = Mw/Mn) of the PPPy,
homopolymers and P3HT,-b-PPPy BCPs were determined by GPC (Figure 3.1, S3.1, S3.2). Pwm
values obtained from GPC were low (< 1.14) and are considered to be accurate; however, end-
group analysis by *H NMR spectroscopy was used for an alternative, absolute measurement of Mn
due to the probable mass overestimation expected for rod-type polymers.*®4° Relative integration
between signals belonging to the methyl group on the ortho-tolyl catalyst at 2.25 ppm and signals
belonging to the phenylene protons at 7.08 — 7.00 ppm and the thiophene protons at 7.00 - 6.97
ppm gave absolute determination of DP, values for the polymers and, subsequently, segments
present in the BCPs. This revealed their structures to be as follows: PPP3p and P3HTgo-b-PPP3o

(Figure 3.1, S3.6-S3.8) and PPP15 and P3HT3s-b-PPP15 (Figure 3.1, S3.9, S3.10), respectively.

C4Ho C4Hg

) »—C,Hs . >_55::Hu
CeH1sz o —/ CeH13 o —/
7 7\
|\ 7 N 1\ 7 N\
BrHT ~s" Jgo L \=/ 139 BrHT ~s" Lo =/ L5
C,Hs ﬂ~ C,H; ﬂ<7
C4Hg C4Hg
P3HTgo-b-PPP4g P3HT35-b-PPP 5
Polymer M, (Da) M, (Da) D,f DP,
PPP;, 10,800, 11,000° | 12,0002, 12,200° | 1.11 | 322, 30°

P3HT,,-b-PPP,, | 18200% 20,100° | 20,000%, 22,100° | 1.10 -

PPP 5,500%; 5,200° 6,3007, 5,900° 1.14 | 172, 15°

P3HT,-b-PPP, | 12,000% 11,000° | 13,000%, 11,900° | 1.08 -

Figure 3.1. Chemical structures and molar mass characterization of synthesized polymers
analyzed by GPC and integration of proton nuclear magnetic resonance (*H NMR) spectra.
aDetermined by GPC. PDetermined by relative integration of *H NMR spectrum signals. M,"
values from *H NMR signals were estimated by using Pm® obtained from GPC data and
multiplying it by Mn° values obtained by *H NMR spectroscopy according to the equation
(Pm®)(Mn?) = My°. For PPP, relative integration was performed between *H NMR signals at 2.25
ppm (s, o-tolyl CHz = 3H) and 7.08-7.00 ppm (bs, phenylene-H, = 2H). For P3HT,, relative
integration was performed between *H NMR spectrum signals at 2.25 ppm (s, o-tolyl CHz = 3H)
and 7.00-6.97 ppm (bs, thiophene CH = 1H).
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Unsymmetrically branched 2-ethylhexyloxy substituents on the phenylene rings were
selected to prevent ordered packing of the PPP segments through the induction of a high torsion
angle between repeat units due to steric repulsion. This was anticipated to lead to an amorphous
corona-forming PPP segment. To provide evidence for the amorphous nature of this material, the
thermal transition behavior of the PPP3, homopolymer was probed using differential scanning
calorimetry (DSC) (Figure S3.3). No apparent peaks characteristic of a crystallization temperature
(Tc) or a melt temperature (Tm) were observed in the temperature range (0 °C — 250 °C) suggesting
that the material is amorphous. P3HTeo-b-PPP3y BCP crystallization was examined in the solid
state by DSC (scan rate of 10 °C/min) which revealed a melting transition at T, = 231 °C with a
melting enthalpy of 13.0 J/g during the heating scan (Figure S3.4). During the cooling scan of the
BCP, a crystallization peak was observed at T = 180 °C with an enthalpy of crystallization of 12.0
J/g. Crystallization of the P3HT3s-b-PPP1s BCP was also examined in the solid state by DSC (scan
rate of 10 °C/min) which revealed a melting transition at T, = 186 °C with a melting enthalpy of
8.2 J/g during the heating scan and a crystallization peak was observed at T, = 153 °C with an
enthalpy of crystallization of 9.9 J/g during the cooling scan (Figure S3.5). Notably, the heating
and cooling traces of both BCPs show distinct melt and crystallization transitions which come
from the melting and crystallization of the P3HT core-forming block and there are no visible
transitions associated with the PPP block which reinforce that the 2-ethylhexyl chains render it
amorphous, as these are typically found in the 0-100 °C range when n-hexyl substituents are
used.® The observed peak traces and melt/crystallization temperatures are comparable to some
previously reported P3HT-based block copolymers; 30 however, the Tm and T, temperatures differ
from previously reported P3HT-b-PPP materials, even with similar block ratios.3*5%2 Potential

reasons for this include the overall BCP molecular mass differences between the materials reported
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here and ones reported by others. Reported P3HT-b-PPP materials vary widely in their overall
molecular mass and so direct comparison of the Trm and T values is challenging as the molecular
mass differences have a large influence on crystallization and melt temperatures. Additionally, the
inclusion of 2-ethylhexyl substituents as opposed to linear n-hexyl substituents on the phenylene

rings could result in differences in the observed T and T¢ temperatures.

3.3.2 Solution self-assembly of P3HTeo-b-PPP3 and P3HTss-b-PPP1s and nanofiber
characterization

Polydisperse fiber-like micelles (nanofibers) of P3HTeo-b-PPP3o were formed in two steps.
We found that n-butyl acetate (nBuAc) functions as a selective solvent for the PPP corona-forming
block at ambient temperature but becomes a good solvent for both blocks when the temperature is
elevated. Heating solid P3HTeo-b-PPP3o to 80 °C in nBuAc led to complete dissolution of the
material, yielding a clear, orange solution (1 mg/mL). Allowing this solution to cool from 80 °C
to ambient temperature (22 °C) over ca. 4 h causes crystallization of the core-forming P3HT block,
leading to the formation of a purple solution of polydisperse multi-micron long nanofibers. The
solution of polydisperse P3HTeo-b-PPP3o nanofibers was drop-cast onto a carbon-coated copper
grid and imaged using bright-field transmission electron microscopy (TEM) following solvent
evaporation (Figure 3.2a, b). P3HT possesses a fully-extended chain conformation up to molar
masses of ~10 kDa (DPy = ca. 60), above which chain-folding can occur, so the nanofiber widths
were analyzed to determine if the P3HT core-forming block was folding within the core.>> TEM
width analysis revealed that the number-average micelle width (Wn) was 21.8 £ 5.7 nm (Figure
S3.14a, b). In the solid-state, the length of one 3-hexylthiophene repeat unit is 0.38 - 0.39 nm,0:5354

indicating that for a core-forming block with DP, = 60 a width of 23.1 nm would be expected if
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the chains were in their fully extended conformation. This value is in good agreement with the
length of a fully extended P3HT chain conformation in the nanofiber core and so the existence of

chain-folding is unlikely within the core of P3HTgo-b-PPP3g nanofibers.

Figure 3.2. (a, b) TEM images of polydisperse P3HTeo-b-PPP3o nanofibers following solvent
evaporation. (c, d) TEM images of polydisperse P3HT3s-b-PPP1s nanofibers following solvent
evaporation.

Next, polydisperse P3HTss-b-PPP1s nanofibers were obtained by heating solid
P3HT3s-b-PPP1s in nBuAc to 90 °C, again producing a clear, orange solution (1 mg/mL).
Subsequent cooling of the solution from 90 °C to 22 °C over ca. 4 h followed by aging for 24 h
resulted in the formation of a mahogany solution. This solution was then drop-cast onto a carbon-
coated copper grid and analyzed using TEM following solvent evaporation, revealing multi-
micron long polydisperse fibers (Figure 3.2c, d, S3.15a, b). Heating P3HT3s-b-PPP15 in nBUAc

caused a mahogany-to-orange color change, which is also attributed to increased rotational
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freedom of the thiophene rings in the P3HT core-forming block.>>®" TEM width analysis of
polydisperse P3HTzs-b-PPPs fibers showed that the W, was 12.7 £ 2.4 nm (Figure S3.15a, b).
Based on the repeat unit length (0.39 nm) for a P3HT core with a DP, = 35, a width of 13.5 nm
would be anticipated, in good agreement with the observed value and indicative of a lack of chain

folding within the core.

Solution-phase UV/vis spectroscopy was used to analyze the color difference observed
when P3HTeo-b-PPP3o is fully solvated compared to when it has undergone self-assembly. After
heating to 80 °C and cooling to 22 °C, the polydisperse P3HTgo-b-PPP3o nanofiber solution
(nBuAc, 0.05 mg/mL) exhibits a peak at L = 335 nm which corresponds to absorption from the
solvated PPP block (Figure 3.3a). Wu and coworkers reported a similar absorbance wavelength
corresponding to the PPP block when solution state UV/Vis was performed on P3HT 40-b-PPP3o in
chlorobenzene (A = 340 nm).*® The UV/Vis spectrum of the polydisperse P3HTeo-b-PPP3o
nanofiber solution also shows a small absorbance shoulder at 444 nm representing an intrachain
n-m* transition,”*® a maximum absorption (Amax) at 521 nm, as well as vibronic absorbances at
552 nm and 601 nm associated with the crystalline P3HT core (Figure 3.3a). The ratio between
the amplitudes of the vibronic Ao.o (601 nm) and the Ao.1 (552 nm) peaks is < 1, which is
characteristic for partially ordered H-aggregate-like chains coexisting with non-aggregated chain
sequences.>® When a P3HTeo-b-PPP3 unimer solution (THF, 0.05 mg/mL) was analyzed,
disappearance of all vibronic peaks is observed as well as hypsochromic shifting of the Amax from
521 nm to 444 nm caused by the onset of free rotation of the thiophene rings that are mainly planar
in the solid state (Figure 3.3a).5>%0 The absorbance values closely match what has been
previously reported for P3HT,-b-PPPrm materials.*® Similar to the solution-phase UV/Vis spectrum

of P3HTeo-b-PPP3o, the spectrum of a P3HTss-b-PPP1s unimer solution (THF, 0.05 mg/mL)
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exhibits two peaks, one at A = 334 nm corresponding to the maximum absorption of the PPP block
and another at Amax = 442 nm corresponding to the maximum absorption of the P3HT block (Figure
3.3c). The P3HT3s5-b-PPP1s nanofiber solution (nBuAc, 0.05 mg/mL) exhibits the same peak at A
= 334 nm corresponding to the solvated PPP block but absorbance shoulders at A = 425 nm and
483 nm are also visible, with Amax at 510 nm (Figure 3.3c). The Ao.1 and Ao-o peaks are present at

545 and 597 nm, respectively.
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Figure 3.3. (a) Overlayed solution-phase UV/Vis absorbance plots from polydisperse P3HTgo-b-
PPP3o nanofiber solution in nBuAc (0.05 mg/mL) (red trace) and P3HTeo-b-PPP3o unimer in THF
(0.05 mg/mL) (orange trace) at 22 °C. (b) Solid-state WAXS pattern of a film of polydisperse
P3HTeo-b-PPP3o nanofibers. The film was formed by drop-casting a polydisperse nanofiber
solution (2 mg/mL) in nBuAc onto a crystalline silicon substrate. (c) Overlayed solution-phase
UV/Vis absorbance plots from polydisperse P3HT3s-b-PPP1s nanofiber solution in nBuAc (0.05
mg/mL) (red trace) and P3HT3s-b-PPP1s unimer in THF (0.05 mg/mL) (orange trace) at 22 °C. (d)
Solid-state WAXS pattern of a film of polydisperse P3HT3s-b-PPP1s nanofibers.
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To gain more insight into the internal crystalline order of the nanofiber core, solid-state
wide-angle X-ray scattering (WAXS) was performed on a film of polydisperse P3HTeso-b-PPP3o
nanofibers that was formed by drop-casting a 2 mg/mL nBuAc solution onto a crystalline silicon
substrate and allowing the solvent to evaporate (Figure 3.3b). A sharp Bragg peak at a g value of
q = 0.40 A (d = 1.59 nm) was clearly observed which corresponds to the (100) plane associated
with the P3HT alkyl side chain stacking distance,®*%! with higher order reflections of this peak
visible as broad signals at q = 0.79 A (200 plane, d = 0.79 nm) and g = 1.20 A (300 plane, d =
0.52 nm). When considering previously reported P3HT alkyl chain stacking distances of 1.61-1.72
nm,33%95362 the distance between interdigitated hexyl side chains on the polythiophene core-
forming block found here is slightly smaller (d =1.59 nm) but reasonably close to prior
measurements. Reflections representing n-n stacking between thiophene rings on adjacent chains
that commonly appear at g = ~ 1.63 A (d = 0.38 nm, 010 plane)®*354 were not readily visible.
Solid-state WAXS was similarly performed on a film of polydisperse P3HT3s-b-PPP15 nanofibers
(Figure 3.3d). Like the WAXS spectrum of P3HTeo-b-PPP3o, Bragg peaks at q = 0.40 A (d = 1.59
nm), g =0.79 A1 (d =0.79 nm), and g = 1.18 A (d = 0.53 nm) corresponding to P3HT lamellar
stacking in the (100), (200), and (300) planes, respectively, are visible with no apparent reflections
for n-n stacking (010 plane). One notable difference is that the P3HTego-b-PPP3o spectrum signals
are sharper compared to the signals visible in the P3HTzss-b-PPP15 spectrum. It has been shown
previously with P3HT-b-PPP BCP nanostructures that decreasing the DP,, of the polythiophene
block causes broadening of the spectrum and a reduction in the intensity of second- and third-order
diffractions.®® In general, the WAXS spectrum and the d-spacing values described here closely

match with previously obtained spectra and values for P3HT-b-PPP BCPs.53
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Characterization of the P3HTeo-b-PPP3o nanofiber dimensions was provided by drop-
casting a polydisperse nanofiber solution (nBuAc, 0.05 mg/mL) (Figure 3.2c, d) onto a glow-
discharged silicon wafer and analyzing the film following evaporation using atomic force
microscopy (AFM) (Figure S3.11a). The average fiber height was found to be 3.5 + 0.3 nm when
measurements were made perpendicular to the long axis of the nanofibers (Figure S3.11b). When
considering the P3HT alkyl chain stacking distance of 1.61-1.72 nm,33505362 3 fiper height of 3.5
nm suggests that ~3 lamellae of P3HT chains interdigitate in this direction to constitute the
nanofiber height. The heights found here are similar to values found when analyzing nanofibers
with a P3HT core-forming block made by CDSA using AFM which range from 1.6 — 7 nm
depending on the corona-forming block.>® Width measurements were extracted from the AFM data
which showed that the nanofibers had an average width of W, = 94.7 + 4.7 nm (Figure S3.11b).
P3HT3s-b-PPP1s nanofiber dimensions were also analyzed using AFM characterization (Figure
S3.12a) and the average fiber height was found to be 5.4 + 0.3 nm when measurements were made
perpendicular to the long axis of the nanofibers (Figure S3.12b). A height of 5.4 nm suggests that
~4 lamellae of P3HT chains interdigitate to constitute the P3HT3s-b-PPP1s nanofiber height
implying interdigitation of an additional lamella when compared to a P3HTgo-b-PPP3o fiber (4
lamellae versus 3). This is proposed to be the caused by the reduced steric bulk associated with a
shorter PPP block as the bulky ethylhexyloxy chains could sterically obstruct further lamella from
adding in P3HTeo-b-PPP3o fibers. Width measurements were extracted from the AFM data which
showed that the P3HT3s5-b-PPP1s nanofibers had a W, = 49.7 + 3.1 nm which is approximately half
the width found when analyzing P3HTeo-b-PPP3o nanofibers (Wn = 94.7 nm). This result is
expected, as the DP,, of both the core- and corona-forming blocks in P3HT3s-b-PPP1s are nearly

half the DP, of P3HTes0-b-PPP30. Crucially, the standard deviation in the fiber height measurements
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described for both P3HTeo-b-PPP3o and P3HTss-b-PPP1s are 0.3 and 0.3 nm, respectively,
suggesting the nanofibers have roughly equal heights and do not oscillate to the same degree as
fibers reported by Choi et al., which had height standard deviations of 0.6 — 1.1 nm.% This
emphasizes that reducing the corona-forming block volume fraction results in a more
morphologically uniform nanofiber. It should be noted that the nanofiber widths found using AFM
are considerably larger than those found when using TEM because AFM measurements include
the PPP corona-forming block width, whereas only the P3HT core-forming block is visible by

TEM.

3.3.3 Attempted length-control of homogenous nanofibers by seeded growth at ambient
temperature (22 °C)

a) P3HTeo-b-PPP3o

Small nanofiber micelle fragments that function as seeds were prepared by sonicating a
solution of polydisperse P3HTso-b-PPP3o nanofibers (Figure S3.14a, b) in nBuAc at 0 °C for 4 h
using a sonication bath (L, = 103 nm, P = 1.14) (Figure S3.16a, b). Sonication may introduce
crystalline defects in the micelle core that propagate and multiply in the epitaxially grown layers,
ultimately leading to unfavorable epitaxial growth.3? Thermal annealing is a well-established way
to improve crystal packing in polycrystalline systems like P3HT by removing potential defects.54°
To find a suitable annealing temperature, 3 aliquots of a seed solution (nBuAc, 0.1 mg/mL) from
the same batch (L, = 103 nm, D = 1.14) were placed in separate vials and the vials were heated
to 30 °C, 35 °C and 40 °C, respectively, for 18 h and then cooled to 22 °C slowly (ca. 4 h). These
samples were drop-cast onto carbon-coated copper grids and imaged using bright-field TEM

following solvent evaporation. Length analysis of the sample that was heated to 30 °C displayed
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no change in length within standard error (30 °C: Ln =81 nm, D = 1.33, 6 =+ 47) (Figure S3.17a,
b) while heating to temperatures >35 °C caused seed dissolution and recrystallization of dissolved
unimers on existing seed termini upon cooling (self-seeding) as the recovered nanofibers had
increased Ly and D (35 °C: Lo =153 nm, D = 1.35, 6 =+ 90) (Figure S3.18b, S3.19b); 40 °C: L
=417 nm, DL = 1.98, 6 = + 412 (Figure S3.18c, S3.19¢).68 In light of these results, seeds
annealed at 30 °C were used for seeded growth studies wherein rapid injection of increasing
volumes of unimeric P3HTeo-b-PPP3o (THF, 1 mg/mL) to annealed seed solutions (nBuAc, 0.1
mg/mL) followed by aging 24 h at 22 °C was performed. TEM analysis showed that this method
yielded elongated fibers that were polydisperse in length (Figure S3.22a-d). We propose that the
seeded growth at 22 °C was unsuccessful using this BCP because of self-nucleation upon unimer
addition which caused uncontrolled formation of nuclei and sporadic growth from seeds. While
n-butyl acetate serves as a sufficient solvent for both blocks at elevated temperatures and allows
for slow addition of unimer to nuclei upon cooling, the addition of unimer to room temperature
n-butyl acetate could cause rapid aggregate formation. It is possible that the relatively large DP,,
of the P3HT and PPP blocks makes the material largely insoluble in nBuAc at 22 °C. Because of
the complications in achieving length-controlled fibers with this material, P3HT3s-b-PPP15 was

used in the following seeded growth investigations.
b) P3HT35-b-PPP1s

When polydisperse nanofibers of P3HT3s-b-PPP1s were sonicated using the same regime
described for P3HTeo-b-PPP3o (4 hat 0 °C), low dispersity seeds were not recovered and increasing
sonication time to 7 h also failed to produce suitable seeds (L, =238 nm, D = 1.52) (Figure S3.20a,
b). The solution temperature was decreased to -45 °C to increase the fragility of the fibers, and a

titanium sonotrode placed directly inside the micelle solution was used instead of a sonication
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bath. Polydisperse P3HT3s-b-PPP1s fibers (nBuAc, 1 mg/mL) were sonicated for 7 h at —45 °C
using this method, and then the seeds were annealed at 30 °C for 18 h prior to use. This resulted
in seeds with low average lengths and low dispersity (Ln = 49 nm, B, = 1.20) (Figure S3.21a, b).
The fibers were observed to have unusually high mechanical robustness compared to previous
conjugated polymer nanofibers, which typically fragment much more rapidly (< 3 h) when
subjected to ultrasonication-induced stress.?-8%7 |t is not immediately clear why fibers made from
P3HT-b-PPP materials are apparently able to dissipate induced stress without fracturing better than
other conjugated polymer nanofibers.®® This resilience towards shear stress would make them good

candidates for potential use as reinforcing components of nanofiber-based composites.’* "2

Seeded growth of length-controlled P3HTzs-b-PPP1s nanofibers at 22 °C was attempted by
rapid injection of increasing volumes of unimeric P3HT3s-b-PPP1s (THF, 1 mg/mL) to annealed
seed solutions (nBuAc, 0.1 mg/mL, L, = 49 nm, B. = 1.20). Length analysis of the resulting
nanofibers that were imaged using TEM revealed the presence of elongated micelles with average
lengths that had a linear correlation (R? = 0.9995) with the unimer-to-seed ratio from equivalents
1 — 3 (Figure 3.4, S3.23a-c, S3.24a-c, Table S3.1) and dispersities ranging from P, =1.21-1.33.
Despite this, the nanofibers had L, substantially higher than theoretically predicted values,
suggesting that the number of active seeds was fewer than expected. Addition of 4 mass
equivalents caused significant deviation from the linear correlated fit with lower average lengths
(Ln = 1126 nm) and higher dispersity (DL = 1.39) than when 3 equivalents were added, suggesting
that self-nucleation was occurring instead of epitaxial growth in this trial (Figure S3.23d, S3.24d,
Table S3.1). The preference for self-nucleation to occur over epitaxial growth when higher mass
equivalents of unimer are added has been previously identified in seeded growth experiments

involving P3HT-based BCPs as well as structurally similar poly(3-alkylselenophene)-based
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BCPs.”™ Since unimer self-nucleation at 22 °C is proposed to cause deviations from theoretically
predicted nanofiber lengths and higher than expected dispersities, variable-temperature UV/Vis
(VT-UV/Vis) spectroscopy experiments were conducted to find conditions where self-nucleation

would be suppressed.”
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Figure 3.4. Plot showing the dependence of P3HT3s-b-PPP1s nanofiber length (Ln) on unimer-to-
seed ratio (munimer/Mseed). Error bars represent standard deviation in L, measurements.

3.3.4 Evaluation of a self-nucleation suppression temperature for P3HTss-b-PPP1s by
variable-temperature UV/Vis spectroscopy and attempted living CDSA via self-nucleation
suppressed seeded growth

When an nBuAc solution of polydisperse P3HTz3s-b-PPP1s nanofibers (0.05 mg/mL) was
heated from 20 °C to 90 °C, dissociation into the unimeric state was detected by the disappearance
of the peak at 540 nm (Figure 3.5a). The absorbance peak intensity at 540 nm is higher than the
peak intensity at 610 nm so this wavelength was chosen to monitor self-assembly progress (Figure

3.5a, red arrow).
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Figure 3.5. (a) Overlayed absorbance spectra of nBuAc P3HTzss-b-PPP1s polydisperse micelle
solution (0.05 mg/mL) heated from 20 °C to 90 °C at a rate of 10 °C/min with scans taken at 5 °C
increments from 20 - 40 °C and 10 °C increments from 40 — 90 °C. (b) Overlayed solution-phase
UV/Vis absorbance plots from polydisperse P3HT3s-b-PPP1s nanofiber solutions in nBuAc (0.05
mg/mL) used to investigate self-nucleation suppression temperatures (where a supersaturated
solution has formed after heating and cooling). (c) Cartoon schematic diagram showing self-
nucleation suppressed seeded growth using 50 °C as a self-nucleation suppression temperature.

To identify a temperature where self-nucleation was suppressed when solutions were
heated to 90 °C and then cooled, vials containing polydisperse P3HT3s-b-PPP15 nanofiber solutions
(nBuAc, 0.05 mg/mL) were first heated to 90 °C for 1 h to ensure that P3HT3s-b-PPP15 was in the
unimeric state (fully solvated) (Figure 3.5b) and then cooled from 90 °C to temperatures ranging
from 35 — 55 °C with 5 °C increments and aged at these temperatures for 24 h. The solutions were
quickly transferred to a UV/Vis spectrometer equipped with a heating element at the same
temperature. We found that vibronic bands characteristic of crystallized P3HT were only visible
at temperatures < 45 °C, confirming that 50 °C is a suitable self-nucleation temperature (Figure
3.5b). Self-nucleation suppressed seeded growth follows the same process except after cooling to

50 °C, nuclei in the form of seeds are added, causing spontaneous and rapid growth from the seed
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termini (Figure 3.5¢).”%® The solution is then maintained at 50 °C for 24 h prior to cooling to 22
°C to disfavor formation of new nuclei and promote growth from the added seeds. Equal amounts
of seed solution (L, =49 nm, B = 1.20), also at 50 °C (nBuAc, 0.1 mg/mL), were added to achieve
different munimer/Mseeqd ratios. After seed addition and mixing, the vials were left at 50 °C for 24 h
and aged at 22 °C for 24 h. Length analysis of the resultant P3HT3s-b-PPP1s nanofibers (0.05
mg/mL) from self-nucleation suppressed seeded growth experiments at 50 °C showed high
polydispersity (DL = 1.52-1.92) and experimental nanofiber lengths that are close to theoretically
predicted values within one standard deviation (c); however, this is likely a consequence of the
large standard deviation in the length values (Figure S3.25 — S3.27, Table S3.2). One potential
reason for the higher-than-expected experimental lengths and high Dy is that the aggressive
sonication regime necessary to generate seeds created nuclei with low crystallinity, which melted
upon heating and the free unimer crystallized on the surviving seed termini upon cooling. This
finding shows that even though self-nucleation suppressed seeded growth has been successfully
used for poly(alkylthiophene)-based BCPs before, the living CDSA behaviour is specific to the

system used.

3.4 Conclusions and Summary

Here we have reported the synthesis and characterization of two rigid rod-rod P3HT-b-PPP
BCPs with different molar masses using KCTP. Multi-micron long polydisperse nanofibers of
P3HTeo-b-PPP3o and P3HT3s-b-PPP1s were successfully fabricated using a heat-cool cycle in the
temperature-dependent selective solvent n-butyl acetate. Fiber characterization was completed
using WAXS which showed that nanofibers composed of both materials had an ordered, crystalline
core. AFM was performed on P3HT3s-b-PPP1s fibers, demonstrating that there was little variation
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in the fiber heights and suggesting that they have a continuous core, in contrast to the previously
described “nanocaterpillar” system. This supports the hypothesis that reducing corona-forming
block volume fraction can lead to more well-connected core domains and produce more uniform
nanofibers, with potential benefits for optoelectronic applications. Following this, seeds with low
contour lengths and relatively low dispersities were made, albeit using relatively aggressive
sonication protocols. The surprising resilience of the polydisperse fibers to sonication-induced
shear stress makes them good candidates for investigation in nanofiber-based reinforced
composites. Seeds of P3HTeo-b-PPP3o and P3HT3s-b-PPP1s were used in attempts to form length-
controlled nanofibers using living CDSA seeded growth, which did not produce length-controlled
fibers. Variable-temperature UV/Vis spectroscopy was used to gain a deeper understanding of
P3HT3s-b-PPP1s self-assembly and find temperatures where self-nucleation is suppressed, which
was found to be >50 °C. Self-nucleation suppressed seeded growth experiments produced
nanofibers with L, closer to theoretically predicted values, but with higher D.. This article reports
an initial investigation into the solution self-assembly of rigid rod-rod BCPs into nanofibers, but
further investigation is needed to achieve control over fiber length. Nonetheless, we have reported
methods for the fabrication of multi-micron long nanofibers made by CDSA of all-conjugated

BCPs with well-connected cores and high mechanical resistance to shear.
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3.5 Supporting Information

3.5.1 Methods

Materials

All reagents used for polymer synthesis were of reagent grade and used as received unless
otherwise stated. All the air-free chemistry was performed in a dinitrogen-filled (N2) MBraun
200B glovebox equipped with a cold-well or on a dinitrogen Schlenk line using standard Schlenk
techniques. Isopropylmagnesium chloride — lithium chloride (iPrMgCI-LiCl) (1.3M in THF),
potassium carbonate, and 2,5-dibromohydroquinone (97%) were purchased from Millipore Sigma.
2,5-dibromo-3-hexylthiophene was purchased from Combiblocks and distilled under reduced
pressure before use. Solvents were dried and deoxygenated using a Solvent Purification System
(SPS).”” Ni(o-tolyl)(dppe)Cl was synthesized as previously reported.’® Self-assembly experiments
were performed using HPLC grade solvents and solvents were filtered through a 0.2 pum

polytetrafluoroethylene membrane.
Nuclear magnetic resonance (NMR)

'H NMR spectra were taken with a Bruker 500 MHz spectrometer; chemical shifts were

referenced to the residual proteosolvent peak (CHClIs, 6 = 7.26 ppm).
Gel Permeation Chromatography (GPC)

GPC was conducted using a Malvern Omnisec Resolve/Reveal equipped with an automatic
sampler, pump, injector, inline degasser column oven (set at 35 °C), elution columns consisting of
styrene/divinylbenzene gels (of pore size 500-5,000 A), refractometer, four capillary differential
viscometer, UV/Vis detector (A = 440 nm) and dual angle laser light scattering detector (7° and

90°). GPC grade THF with 1 wt% triethylamine was used as the eluent, with a set flow rate of 1
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mL/min. BCP samples were dissolved in THF at 1 mg/mL and filtered through a 0.2 pum
poly(tetrafluoroethylene) membrane prior to analysis. Homopolymer concentration was 2 mg/mL

in THF and filtered through a 0.2 um poly(tetrafluoroethylene) membrane prior to analysis.
Preparatory GPC

Preparatory gel permeation chromatography was performed on a Shimadzu Prep GPC
equipped with a CBM-20A communications bus module, LC-20AP solvent delivery unit, SIL-
10AP autosampler, CTO-40C column oven, SPD-40 UV/Vis detector, RID-20A refractive index
detector, and FRC-10A fraction collector. An initial injection of polymer in THF (1 mL, 10
mg/mL) at a flow rate of 3 mL/min using HPLC grade THF as eluent was used to gather the
retention times of the species in solution. Using this data, the fraction collector was calibrated to
separate the desired peaks into separate vials. Subsequent injections (3 mL, 10 mg/mL, 3 mL/min)
were repeated until the desired volume was collected. The resulting solutions were concentrated
in vacuo to yield the final polymers. Removal of homopolymers was assessed using UV-detection

on the Malvern Omnisec GPC and thin layer chromatography.
Transmission Electron Microscopy (TEM)

Carbon films were deposited onto freshly cleaved mica sheets using a Leica EM ACE600
sputter/carbon coater instrument. Carbon films were deposited onto copper grids (500 mesh)
purchased from Ted Pella, Inc. by floatation on water and allowed to dry over 24 h. TEM samples
were prepared by drop-casting 10 pL of a colloidal nanofiber solution onto a TEM grid placed on
filter paper to absorb the excess solution. Bright field TEM images were obtained using a JEOL

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

Sonication bath: Nanofiber sonication was carried out using a Fisherbrand FB11203
sonication bath (37 kHz sonication frequency and 100% power) with the sweep function on and a

bath temperature of 0 °C.

Sonotrode: Nanofiber sonication was carried out using a Heischler UP100H ultrasonic

processor affixed with a titanium sonotrode probe at 100% power.
Variable-temperature UV/Vis absorption spectroscopy (VT-UV/Vis)

VT-UV/vis data was obtained on a Cary 100 spectrometer equipped with a Peltier
temperature controller employing quartz cells (1 cm x 0.1 cm) from 200 to 800 nm. Experiments
were conducted at a concentration of 0.05 mg/mL to allow for convenient monitoring of fiber-like

micelle formation and dissolution.
Wide-Angle X-ray Scattering (WAXS)

Reciprocal space maps were collected with a Pixcel 3D detector on an Empyrean
diffractometer (Panalytical) equipped with a Cu Kal (A= 1.5406 A) source powered at 45 kV and

40 mA.
Atomic Force Microscopy (AFM)

AFM analysis was obtained using a 5500 Atomic Force Microscope (Agilent
Technologies). The images were recorded in AC mode with a scanning speed of 1.0 um/s in an
area of 4.0 pm? at 1024 x 1024 resolution. The tips employed (Tap150Al-G, Budget Sensors)
consisted of a conical silicon tip with aluminum reflective coating and a resonance frequency and
spring force constant of 150 kHz and 5 N/m, respectively. The samples for AFM were prepared

on a silicon wafer by drop-casting the nanofiber solution (in 100 % nBuAc, 20 pL, 0.05 mg/mL)
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onto the clean silicon wafer. The silicon wafer was gently dried from the sides with a filter paper

and dried via vacuum desiccation.

3.5.2 Statistical Analysis

Nanofiber lengths and widths were analysed using ImageJ, an open source software
package developed at the US National Institute of Health.”® Approximately 150 micelles were
traced by hand to determine contour lengths that were then used to calculate the number-averaged
length (Ln) and weight-average length (Lw) was calculated by using supplementary equations S3.1
and S3.2 from the measurements of the contour length (Li) of individual micelles, where Nj is the

number of the micelles of length Lj, and n is the number of micelles examined in each sample.

n
i=1 NiLj

n 2
i=1 NiLj

T~ NL;

(Equation S3.1) L,, = (Equation S3.2) L,, =

Number-averaged width (W) was calculated according to equation S3.3 where Wi = object width

and Nj = number of micelles of length Wi.

nNW;
(Equation $33) W, = ZLMWi
Xi N

The polydispersity index (D) and standard deviations (o) of the measured lengths were related

through the following expressions (Eq. S3.4 and S3.5).

2
L L
(Equation S3.4) D, = L—W (Equation S3.5) L—W— = (i)

n n
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3.5.3 Experimental Procedures

Scheme S3.1. Synthesis of 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene

HO /\/\<\Br o
Br Br L. Br Br
DMF, 100 °C
" - OD—\j

This product was synthesized using a previously published procedure from ref 80.%° (6.73

g, 91% yield).

Scheme S3.2. Synthesis of P3HT3s-b-PPP1s

CsHg
Csz
R-0 R-0 Ph—P P—"h

iPrMgCI-LiCl N|(o tolyl)(dppe)Cl \ / Ph / CeHi3
Ty T T e et o G
THF, 22 °C THF, 22°C 15 THF 22°C 15¢ S HlBr
16 h 40 min
O-R O-R O-R 30 min _B_C )
R = 2-ethylhexyl 2Hs
Br jprMgcl-Lict CIMg \ y C4Hy
—
THF, 22 °C P3HT;5-b-PPPys5
CeH1z 1h CeHis

In a Na-filled glovebox, a dry 100-mL Schlenk flask affixed with a stir bar was charged
with 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene (1.02 g, 2.05 mmol, 45 equiv.) and dry
tetrahydrofuran (THF) (10 mL) was added. iPrMgCI-LiCl (1.3 M in THF, 1.62 mL, 2.11 mmol,
46 equiv.) was added dropwise and the solution was stirred for 16 h resulting in a faint yellow
solution. In a separate dry 100-mL Schlenk flask affixed with a stir bar, 2,5-dibromo-3-
hexylthiophene (0.448g, 1.37 mmol, 30 equiv.) was dissolved in dry THF (10 mL). iPrMgClI-LiCl
(2.3 M in THF, 1.07 mL, 1.39 mmol, 31 equiv.) was added dropwise and the solution was stirred

for 1 h resulting in a yellow solution. Ni(o-tolyl)(dppe)CI (27 mg, 0.046 mmol, 1 equiv.) was
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dissolved in dry THF (2 mL) and injected quickly into the 1,4-dibromo-2,5-bis(2-
ethylhexyloxy)benzene solution causing a deep yellow color to immediately evolve. This was
stirred for 40 min. and after such time a small aliquot (1.5 mL) was removed from the flask and
quenched with 5M HCI prior to analysis by GPC. The thiophene monomer solution was injected
quickly into the 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene solution causing a dark orange
color to evolve. The solution was stirred for 30 min, a septum was affixed, the flask was removed
from the glove box and then quenched using 5M HCI (12 mL) followed by stirring for an additional
15 min. CHCI3 (100 mL) was added, the solution was washed using distilled water (3 x 100 mL),
dried using MgSOQg, gravity filtered and then concentrated in vacuo to yield a reddish-purple solid.
The crude product was dissolved in CHCI3z and precipitated into ice-cold MeOH followed by
acetone which vyielded a reddish-purple solid. The crude solid was purified further using
preparatory GPC with THF as the eluent (380 mg, 69% yield). Diblock Copolymer: GPC: M, =

12, 000 Da, bm = 1.08

'H NMR (500 MHz, CDCls3) (ppm): 7.44 (d, 2H, phenyl-H, Ha), 7.17 (d, 2H, phenyl-H, Hb) 7.08-
7.04 (bs, 30H, phenylene-H, Hc), 7.00-6.97 (bs, 35H, thiophene-H, Hd) 3.80-3.71 (bm, 60H,
phenylene-O-CH,-CH, He), 2.84-2.79 (bt, 70H, thiophene-CH2-CsH11, Hf) 2.25 (s, 3H, o-tolyl-
CHs, Hg) 1.76-1.68 (bm, 30H, O-CH2-CH, Hh), 1.47-1.20 (m, 520H, -CH,-, Hi) 0.95-0.90 (bt,

105H, thiophene-CsHzo-CHs, Hj), 0.87-0.80 (bm, 180H, O-CsHs-CHs and O-CsHo-CHs, HK)

Work-up of PPP1s homopolymer aliquot: CHCl3 (25 mL) was added to the 5M HCI solution and
the mixture was washed using distilled water (3 x 50 mL). The organic phase was dried over
MgSOs, gravity filtered, and concentrated in vacuo to a yellow oil. MeOH (50 mL) was added,
and the solution was shaken vigorously and sonicated using a sonication bath. The yellow solid

was collected by vacuum filtration and washed thoroughly with MeOH to yield the homopolymer
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as a yellow, gum-like residue. PPP Homopolymer: GPC: M, = 5, 500 Da, Bm = 1.14, DPy, gpc =

17; DPn invr = 15

'H NMR (500 MHz, CDCl3) (ppm): 7.44 (d, 2H, phenyl-H, Ha), 7.17 (d, 2H, phenyl-H, Hb) 7.08-
7.00 (bs, 2H, phenylene-H, Hc) 3.85-3.68 (bm, 4H, phenylene-O-CH,-CH, Hd), 2.25 (s, o-tolyl-
CHs, He) 1.80-1.70 (m, 2H, O-CH,-CH, Hf), 1.40-1.07 (m, 16H, -CH>-, Hg) 0.90-0.79 (bm, 12H,

-CHs, Hh)

Scheme S3.3. Synthesis of P3HTeo-b-PPP3o

C4Hg
Csz
R-O R-0O Ph—P p—P"

iPrMgCI-LiCl Nl(o tolyl)(dppe)Cl / Bh CeHiz
Br Br — ™ Br MgCl —————— > O O .
THF, 22°C THF, 22 °C 30 THF 2 c HIBr
O-R 1eh Oo-R 40 min O-R 30 min
- Csz
R = 2-ethylhexyl Br jprmgci-Lict Mg \ ) C4Ho
—_—
THF, 22 °C P3HTgo-b-PPP3p
CgH13 1h CeH13

The synthesis of P3HTeo-b-PPP30 was carried out using the same procedure for P3HT3s-
b-PPP1s detailed above. (180 mg, 38% yield). Diblock Copolymer: GPC: M, = 18, 200 Da, bwm =

1.10

IH NMR (500 MHz, CDCl3) (ppm): 7.44 (d, 2H, phenyl-H, Ha), 7.17 (d, 2H, phenyl-H, Hb) 7.08-
7.04 (bs, 60H, phenylene-H, Hc), 7.00-6-97 (bs, 60H, thiophene-H, Hd) 3.80-3.71 (bm, 120H,
phenylene-O-CH,-CH, He), 2.84-2.79 (bt, 120H, thiophene-CH2-CsH11, Hf) 2.25 (s, 3H, o-tolyl-
CHs, Hg) 1.76-1.68 (bm, 60H, O-CH,-CH, Hh), 1.47-1.20 (m, 960H, -CH,-, Hi) 0.95-0.90 (bt,

180H, thiophene-CsH10-CHs, Hj), 0.87-0.80 (bm, 360H, O-C3Hs-CH3 and O-CsHo-CHs, Hk)
PPP3o Homopolymer: GPC: M, = 10, 800 Da, Bm = 1.11, DPn, gpc = 32; DPn, Hnvr = 30

'H NMR (500 MHz, CDCls) (ppm): 7.36 (d, 2H, phenyl-H, Ha), 7.12 (d, 2H, phenyl-H, Hb) 7.08-
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7.00 (bs, 60H, phenyl-H, Hc) 3.85-3.68 (bm, 4H, phenyl-O-CH>-CH, Hd), 2.25 (s, o-tolyl-CHs,
He) 1.65-1.57 (m, 60H, O-CH>-CH, Hf), 1.40-1.07 (m, 480H, -CH>-, Hg) 0.90-0.79 (bm, 12H, -

CHs, Hh).

3.5.4 Gel Permeation Chromatography
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Figure S3.1 Overlaid GPC chromatograms of P3HTeo-b-PPP3o BCP (purple trace) and its
corresponding coronal-block PPP3; homopolymer (orange trace) using UV/Vis detection at an
absorbance wavelength of 330 nm.
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Figure S3.2. Overlaid GPC chromatograms of P3HT3s-b-PPP1s BCP (purple trace) and its
corresponding coronal-block PPP1s homopolymer (orange trace) using UV/Vis detection at an
absorbance wavelength of 330 nm.
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3.5.5 Differential Scanning Calorimetry
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Figure S3.3. DSC thermogram of PPP3o heated at a temperature ramp rate of 10 °C/min under N>
showing no T¢ or Tm. Arrows denote the direction of heating and cooling cycles. The thermal
history of the material was removed by annealing at 120 °C for 3 h under N2 flow prior to being
subjected to two cool-heat cycles from 0 °C to 250 °C, at a temperature ramp rate of 10 °C/min.
120 °C was chosen as the annealing temperature as this is ~25 °C above the reported Trm of PPP
homopolymer.*®
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Figure S3.4. DSC thermogram of P3HTeo-b-PPP3g heated at a temperature ramp rate of 10 °C/min
under N2. Arrows denote the direction of heating and cooling cycles. Tm peak temperature = 231
°C with a melting enthalpy of 13.0 J/g. T. = 180 °C with an enthalpy of crystallization of 12.0 J/g.
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Figure S3.5. DSC thermogram of P3HT3s-b-PPP1s heated at a temperature ramp rate of 10 °C/min
under N2. Arrows denote the direction of heating and cooling cycles. Tm peak temperature = 186
°C with a melting enthalpy of 8.2 J/g. T. = 153 °C with an enthalpy of crystallization of 9.9 J/g.

3.5.6 IH NMR Spectroscopy
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Figure S3.6. 'H NMR spectrum of P3HTso-b-PPP3o (500 MHz, CDCls).
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PPP30 Homopolymer
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Figure S3.7. *'H NMR spectrum of PPP3, homopolymer (500 MHz, CDCl5).
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Figure S3.8. *H NMR spectra of PPP3y homopolymer and P3HTgo-b-PPP3 in CDCls highlighting
how relative integrations are used to determine degree of polymerization. The spectrum exhibits a
small singlet at 2.25 ppm corresponding to the ortho-tolyl methyl group. The spectrum exhibits a
singlet corresponding to the two protons in the 3- and 6- positions on the phenyl rings (denoted in
blue) that can be used for relative integration; however, this signal can overlap with the singlet
peak from 7.00-6.90 ppm corresponding to the vinylic proton in the 4- position on the thiophene
rings (denoted in purple). The vinylic proton signal can be used to determine the P3HT core-block
DP, which was found to be 60 in this example. In the case of overlap between the two signals
around 7.00 ppm, the broad signal from 3.85-3.70 ppm (denoted in yellow) corresponding to the
methylene protons adjacent to the oxygen atoms at the 2- and 5- positions on the phenyl rings can
be used. The relative integration ratio of this signal to the o-tolyl methyl resonance was 120:3,
giving a DP, of the PPP block of 30.
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Figure S3.9. *H NMR spectrum of P3HT3s-b-PPP1s (500 MHz, CDCls).
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Figure S3.10. 'H NMR spectrum of PPP15 homopolymer (500 MHz, CDCls).
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3.5.7 Crystallization-Driven Self-Assembly Procedures

General self-assembly procedure for fabrication of polydisperse fibers and seed micelles
P3HTe0-b-PPP3o

Self-assembly of P3HTso-b-PPP3o into polydisperse fiber-like micelles was achieved by
adding 4 mL of nBuAc to a vial containing 4 mg of P3HTeo-b-PPP3o (1 mg/mL). The vial was then
placed in a metal heating block at 80 °C and heated for 30 min. The 1 mg/mL solution was allowed
to cool to 22 °C slowly (ca. 4 h) followed by aging for 24 h. The vial was then placed ina 0 °C
ultrasonic cleaning bath and sonicated for 4 h to give seed micelles (37 kHz, 100% power). Seeds

were then annealed at 30 °C for 18 h prior to use.
P3HT3s-b-PPP1s

Self-assembly of P3HT3s-b-PPP1s into polydisperse fiber-like micelles was achieved by
adding 4 mL of nBuAc to a vial containing 4 mg of P3HT3s-b-PPP1s (1 mg/mL). The vial was then
placed in a metal heating block at 90 °C and heated for 30 min. The 1 mg/mL solution was allowed
to cool to 22 °C slowly (ca. 4 h) followed by aging for 24 h. A sonotrode affixed with a titanium
probe was placed in an nBuAc solution (1 mg/mL) of polydisperse P3HT3s-b-PPP1s micelles at -
45 °C and sonicated for 7 h at 100% power. Seeds were then annealed at 30 °C for 18 h prior to

use.

General self-assembly procedure for attempted length-control of P3HT3s-b-PPP1s nanofibers

via seeded growth at 22 °C

P3HT3s-b-PPP1s seed micelle solution (nBuAc, 0.1 mg/mL) was added to a vial and diluted
with nBuAc such that the final concentration will be 0.05 mg/mL following unimer addition.

P3HT3s-b-PPP1s unimer solution (1 mg/mL in THF) was added in one aliquot, the solutions were
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vortexed for 10 s and then aged at 22 °C for 24 h prior to imaging by TEM.

General self-assembly procedure for attempted length-control of P3HT3s-b-PPP1s nanofibers

via self-nucleation suppressed seeded growth at 50 °C

Four vials were filled with increasing amounts of polydisperse P3HT3s-b-PPP1s nanofiber
solution (nBuAc, 0.1 mg/mL) and diluted using nBuAc such that the final concentration after seed
addition will be 0.05 mg/mL. The solutions were heated to 90 °C for 1 h and then cooled to 50 °C
over ~2 h by placing in a preheated metal block. Equal amounts of seed micelle solution at 50 °C
(nBuAc, 0.1 mg/mL) correlating to Munimer/Mseed = 1, 2, 3, and 4 were added in one aliquot, the
solutions were vortexed for 10 s, and then placed back in the 50 °C heating block for 24 h before

cooling to 22 °C slowly (ca. 2 h) and aged 24 h prior to imaging by TEM.

3.5.8 Atomic Force Microscopy

8 nm b)
7 8
—Profile 1
6 71 —Profile 2
6 4 —Profile 3
Ec | —Profile 4
E 5
£4 1
o
o 3
T
2 o
1
0 v . :
0 50 100 150 200

X (nm)

Figure S3.11. (a) AFM height image of polydisperse P3HTso-b-PPP30 nanofibers in nBuAc (0.05
mg/mL) drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile
shown in (b) drawn perpendicular to the long axis of the fibers. Series 1 - height: 3.3 nm, width:
93.7 nm; Series 2 - height: 3.3 nm, width: 94.0 nm; Series 3 - height: 3.4 nm, width: 101.1 nm;
Series 4 - height: 3.4 nm, width: 89.9 nm. Average height: 3.5 nm £ 0.3 nm. Average width: (Wn
=94.7 nm 4.7 nm).
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Figure S3.12. (a) AFM height image of polydisperse P3HT3s-b-PPP1s nanofibers in nBuAc (0.05
mg/mL) drop-cast onto a glow discharged silicon wafer. Coloured lines indicate height profile
shown in (b) drawn perpendicular to the long axis of the fibers. Series 1 - height: 5.7 nm, width:
48.5 nm; Series 2 - height: 5.2 nm, width: 52.5 nm; Series 3 - height: 5.4 nm, width: 45.2 nm;
Series 4 - height: 5.0 nm, width: 52.6 nm. Average height: 5.4 nm £ 0.3 nm. Average width: (Wh
=49.7 nm = 3.1 nm).

3.5.9 Variable-Temperature UV/Vis Spectroscopy
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Figure S3.13. Absorbance plot showing a thermal hysteresis during heating and cooling of a
nBuAc P3HT3s-b-PPP1s polydisperse micelle solution (0.05 mg/mL) heated from 20 °C to 90 °C
and then cooled from 90 °C to 20 °C using 10 °C increments at a rate of 10 °C/min. Solutions were
allowed to equilibrate at the target temperatures for 30 min. prior to each scan. 540 nm was the
absorbance wavelength chosen to monitor the self-assembly. Upon cooling, the absorbance peak
at 540 nm became visible below 50 °C suggesting that above this temperature, nucleation had not
occurred or was occurring at a very slow rate. This has been observed in other P3HT-based
systems, due to the crystal lattice energy that needs to be overcome for dissolution to occur.6%™
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3.5.10 Transmission Electron Microscopy

Figure S3.14. (a, b) TEM images of polydisperse P3HTeo-b-PPP3o fibers. Samples were drop-cast
onto a carbon-coated copper TEM grid and imaged following solvent evaporation. Width analysis
of polydisperse nanofibers imaged using TEM showed W, = 21.8 + 5.7 nm (humber counted = 8).

Figure S3.15. (a, b) TEM images of polydisperse P3HTzss-b-PPP1s fibers. Samples were drop-cast
onto a carbon-coated copper TEM grid and imaged following solvent evaporation. Width analysis
of polydisperse nanofibers imaged using TEM showed W, = 12.7 + 2.4 nm (humber counted = 8).
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Seed Fabrication

P3HTso0-b-PPP3o - Sonication Bath: Not annealed
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Figure S3.16. (a) TEM image of seeds formed by ultrasonication of a P3HTeo-b-PPP3o
polydisperse micelle solution (nBuAc, 1 mg/mL) in a 0 °C bath for 4 h (37 kHz, 100% power)

which were not annealed prior to use. (b) Histogram showing the fiber length distribution of
P3HTeo-b-PPP3g seeds (Ln = 103 nm, Lw =118 nm, DL = 1.14, 6 =+ 39 nm, n = 136).

P3HTseo0-b-PPP3o - Sonication Bath: Annealed at 30 °C
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Figure S3.17. (a) TEM image of P3HTeo-b-PPP3o seeds that were diluted to 0.1 mg/mL using
nBuAc and annealed for 18 h at 30 °C before being brought to 22 °C (ca. 2 h). (b) Histogram

showing the fiber length distribution of P3HTeo-b-PPP3o seeds (Ln = 81 nm, Lw = 108 nm, D =
1.33,6 =+ 47 nm, n = 163).
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Figure S3.18. TEM images of P3HTeo-b-PPP3o seeds that were diluted to 0.1 mg/mL using nBuAc
and annealed at (a) 30 °C, (b) 35 °C and (c) 40 °C for 18 h at before being brought to 22 °C and
aged at 22 °C for 24 h. (c) Inset shows small nanofiber fragments amongst elongated fibers.
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Figure S3.19. Histograms showing P3HTeo-b-PPP3o nanofiber contour length distributions after
annealing seeds at (a) 30 °C, (b) 35 °C and (c) 40 °C for 18 h and then cooled to 22 °C and aged

at 22 °C for 24 h. (a) 30 °C: L, = 81 nm, DL = 1.33, 6 = + 47. (b) 35 °C: L, = 153 nm, Dy = 1.35,
G =+90) () 40 °C: Lo = 417 nm, DL = 1.98, 6 =+ 412.
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P3HT35-b-PPP1s— Sonication Bath
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Figure S3.20. (a) TEM image of seeds formed from ultrasonication of a P3HT3s-b-PPP1s
polydisperse nanofiber solution (nNBuAc, 1 mg/mL) in a 0 °C bath for 7 h (100% power). (b)

Histogram showing the fiber length distribution of P3HTzs-b-PPP1s seeds (Ln = 238 nm, Lw = 362
nm, D =1.52, == 171 nm, n = 136).

P3HT3s5-b-PPP1s— Sonotrode Probe: Annealed
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Figure S3.21. (a) TEM image of seeds formed from ultrasonication of a P3HT3s-b-PPP1s
polydisperse nanofiber solution (nBuAc, 1 mg/mL) at -45 °C using a sonotrode probe for 7 h
(100% power). Seeds were annealed at 30 °C for 18 h prior to use. (b) Histogram showing the

fiber length distribution of P3HT3s5-b-PPP15 seeds (Ln = 49 nm, Lw =59 nm, B = 1.20, 6 = + 20
nm, n = 150).
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Attempted seeded growth of length-controlled P3HTeo-b-PPP3o nanofibers at 22 °C using

annealed seeds

a)

c)

Figure S3.22. TEM images of P3HTeo-b-PPP3o nanofibers in (nBuAc, 0.05 mg/mL) formed by
living CDSA seeded growth using addition of (a) 1, (b) 2, (c) 3, and (d) 4 equivalents of P3HTeo-
b-PPP3o unimer solution (THF, 1 mg/mL) to P3HTeo-b-PPP3o seeds (annealed, 30 °C, nBuAc, 0.1
mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to

TEM imaging.
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Attempted seeded growth of length-controlled P3HTss-b-PPP1s nanofibers at 22 °C using

annealed seeds

a)

c)

Figure S3.23. TEM images of P3HTss-b-PPP1s nanofibers in (nBuAc, 0.05 mg/mL) formed by
living CDSA seeded growth using addition of (a) 1, (b) 2, (c) 3, and (d) 4 equivalents of P3HTz3s-
b-PPP1s unimer solution (THF, 1 mg/mL) to P3HT3s-b-PPP1s seed micelles (nBuAc, 0.1 mg/mL)
at 22 °C. Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM

imaging.
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Figure S3.24. Histograms showing the nanofiber length distribution of P3HT3s-b-PPP1s seed
micelles (nBuAc, 0.1 mg/mL) that were treated with (a) 1, (b) 2, (c) 3, and (d) 4 equivalents of
P3HT3s-b-PPP1s unimer solution (1 mg/mL in THF) at 22 °C. Final concentrations were 0.05

mg/mL.

Table S3.1. Summary of data from seeded growth experiments of homogeneous P3HT3s-b-PPP1s
nanofibers at 22 °C. o is standard deviation in L, measurements.

Munimer/Mseed | Ln Lw DL c
Seeds 49 59 1.20 | 22
1 502 | 636 | 1.27 | 265
2 896 | 1084 | 1.21 | 411
3 1261 | 1677 | 1.33 | 731
4 1126 | 1565 | 1.39 | 708
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Attempted self-nucleation suppressed seeded growth of P3HT3s-b-PPP1s nanofibers at 50 °C
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Figure S3.25. Plot showing the dependence of P3HT3s-b-PPP1s nanofiber length (L») on unimer-
to-seed ratio (Munimer/Mseed) USINg self-nucleation suppressed seeded growth at 50 °C. Error bars
represent standard deviation in L, measurements.
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Figure S3.26. TEM images of P3HT3s-b-PPP1s nanofibers in nBuAc (0.05 mg/mL) formed by
self-nucleation suppressed seeded growth (50 °C) following solvent evaporation. Unimer-to-seed
ratio Munimer/Mseed = (@) 1, (b) 2, (c) 3, and (d) 4.
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Figure S3.27. Histograms showing the nanofiber length distribution of P3HT3s-b-PPP15 nanofibers
in nBuAc (0.05 mg/mL) formed by self-nucleation suppressed seeded growth (50 °C) following
solvent evaporation. Unimer-to-seed ratio Munimer/Mseed = () 1, (b) 2, (c) 3, and (d) 4. Final
concentrations were 0.05 mg/mL.

Table S3.2. Summary of data from self-nucleation suppressed seeded growth experiments of
homogeneous P3HT3s-b-PPP1s nanofibers (nBuAc, 0.1 mg/mL) at 50 °C. o is standard deviation

in L, measurements.

Munimer/Mseed | Ln Lw DL o
Seeds 49 59 | 1.20 | 22
1 170 | 259 | 1.52 | 123
2 219 | 421 | 1.92 | 210
3 433 | 708 | 1.63 | 345
4 443 | 749 | 1.69 | 369
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4.1 Abstract

2-Dimensional (2D) semiconducting nanoparticles fabricated by n-conjugated polymer
solution self-assembly have received intense interest due to their potential applications in
optoelectronic devices arising from their novel electronic properties, but exerting control over their
nanoscale morphology and size remains a major challenge. Previous research has shown that
minimizing the corona-forming block volume fraction by functionalizing the core block termini
with a positively charged functional group that acts as a solvophilic stabilizer is a promising
method towards preferential formation of low interfacial curvature nanostructures such as 2D
platelets. Herein, we describe the synthesis of a poly(3-(2’-ethylhexyl)thiophene) (P3EHT)
homopolymer terminated with a positively charged phosphonium group ([P3EHT23-PPhs]*Br)
and discuss attempts to form area-controlled 2D nanoplatelets via living crystallization-driven self-
assembly (CDSA). Large polydisperse 2D nanoribbons were successfully fabricated using various
methodologies, marking the first example of 2D P3EHT nanostructures made by solution self-
assembly; however, control over the platelet dimensionality was not achieved. Regardless, we
found that we could exert excellent control over the dimensionality of 1D fibers and fabricated
long (1-2 um), length-controlled B-A-B and B-C-B triblock comicelles with low dispersity (DL <
1.1) by initiating growth using 1D seeds composed of P3EHT23-b-PEG113 and P3EHT9-b-
P2VP13s, respectively. The modularity of these systems provides exciting opportunities for
customizable nanostructure construction, as well as potential selective functionalization. Further,
the ability of charged P3EHT homopolymers to form both 1D or 2D nanostructures dependent on
the solvent system and growth initiator provides valuable insight into the self-assembly of

n-conjugated charge-terminated polymeric amphiphiles.
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4.2 Introduction

2-Dimensional (2D) semiconducting nanomaterials, such as graphene, have received
enormous attention due to their electronic conductivity,* flat morphology,? and large surface area,®
which make them particularly suited towards potential applications in organic photovoltaics. These
features offer large domains to maximize light absorption, and the continuous nature of the
conductive pathways presents fascinating possibilities for utilization in energy transfer
applications. Their flat morphology makes them the able to fully cover the surface of a substrate,
as opposed to 1D nanofiber films which often form an interwoven mat with gaps between fibers
and inconsistent surface coverage. Recently, considerable progress has been made in fabricating
2D nanostructures using self-assembly of block copolymers (BCPs) with a t-conjugated core, with
some examples achieving dimensional control.}* Some notable cases of semiconducting
conjugated polymer nanoparticles (CPNPs) include square,® rhombic/diamond,*® ribbon-like,”®
and rectangular®*® assemblies. Despite these significant advances, reports on these materials are
limited due to the relative infancy of the field and the lack of robust design principles presently

available.

Crystallization-driven self-assembly (CDSA) of polymeric amphiphiles with a
crystallizable core-forming block has been shown to produce morphologically uniform samples of
1D and 2D core-shell micelles. In particular, 2D assemblies are easily obtainable when using core-
forming blocks such as poly(ferrocenyldimethylsilane) (PFS)*%-*2 and poly(L-lactide) (PLLA);**
14 however, fabrication of crystalline 2D architectures using polymeric amphiphiles with a
n-conjugated core-forming block is considerably more challenging and has not produced similar
results. Strong intermolecular n-n stacking dominates the self-assembly of n-conjugated BCPs

leading to directional anisotropic growth primarily in the =-m stacking direction, causing a
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preference to form 1D fibers over 2D platelets. To form a 2D structure, an additional driving force
perpendicular to the n-n stacking direction, such as interchain packing of alkyl side chains, must
be facilitated to promote lateral growth. The rate of crystallization in the alkyl chain packing
direction must be comparable to the =-m stacking direction, although, the forces governing
interdigitation of alkyl chains are typically comparatively weak relative to n-n stacking and can be
easily interrupted by other factors, including conformation defects.® Another method that can be
used to equalize both forces is inhibiting the rate of growth in the n-n stacking direction, thereby

promoting formation of 2D nanostructures with equal length sides.

Living CDSA of BCPs with a crystallizable core-forming block is a convenient method to
generate low length dispersity (PL < 1.1, where DL = Lw/Ln) samples of 1D nanofibers and 2D
platelets with controlled size and dimensions.*>?3 Living CDSA primarily consists of two self-
assembly approaches: the seeded growth method and the self-seeding method. 1D fibers will be
used in the following examples but the same methods apply to the fabrication of 2D structures.
The seeded growth method uses addition of pre-existing seeds to initiate growth of length-
controlled structures and begins with the formation of long polydisperse nanofibers by: 1)
dissolving the BCP in a solvent that is suitable for both blocks (common solvent) and inducing
crystallization of the insoluble core-forming block by adding solvent which selectively solvates
the corona-forming block or 2) by heating the BCP in a temperature-dependent selective solvent
that acts as a common solvent at high temperatures and a corona-selective solvent at ambient
temperature.'®2* The long fibers are subsequently fragmented using ultrasonication to generate
“seed” micelle fragments with relatively low average lengths.®% The seeds remain active towards
the addition of molecularly dissolved BCP (unimer) in a good solvent for both blocks. This leads

to epitaxial crystallization at the seed termini and creates nanostructures with final lengths that are
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linearly correlated to the unimer-to-seed mass ratio (Munimer/Mseed), allowing for variable and
predictable nanofiber lengths to be achieved. This method also provides the ability to fabricate
modular, segmented B-A-B triblock comicelles by adding unimer with the same core-forming
block, but with a corona-forming block that is chemically distinct from that of the BCP used for

the seed.

The second living CDSA method is termed thermal self-seeding. In this approach, the BCP
is heated in a selective solvent to induce dissolution of the less crystalline regions of the seeds.?*2%-
30 Seed dissolution generates free unimer which, upon cooling, crystallizes epitaxially in situ onto
the termini of the surviving seeds resulting in length-controlled 1D structures. Higher self-seeding
temperatures increases seed dissolution and release of unimer into solution, resulting in longer
fibers upon cooling. There is an exponential relationship between the self-seeding temperature and
the final nanofiber length, which makes accurate prediction of the final length and formation of
short nanofibers difficult.?’?® Furthermore, the temperature at which polymer crystals melt
depends on their thermal history and sample crystallinity, so self-seeding temperatures are batch-

dependent.?831-33

One method that has previously been used to form 2D nanostructures involves
minimization of the corona-forming block volume fraction by shortening coronal block length or
introduction of a charged solubilizing group in place of the solvophilic corona-forming block,
thereby reducing intercoronal chain repulsion and core-corona interfacial curvature.l>!3
Terminating PFS and PLLA crystalline homopolymers with a positively charged phosphonium
group resulted in the formation of colloidally-stable 2D platelets of varying shapes;*?3 however,
when poly(3-hexylthiophene) (P3HT)3* and poly(fluorenyltrimethylcarbonate) (PFTMC)%

homopolymers were terminated using the same phosphonium end-group, the formation of 1D
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nanofibers was preferred over 2D platelets. Even though self-assembly of charged-terminated
P3HT did not result in 2D platelets, highly efficient seeded growth of 1D fibers was accomplished
with lengths up to 2.8 um and low dispersity (P. < 1.1).3* Further studies revealed a notable
stability of the P3HT-based fibers upon oxidation®* and exceptionally high exciton diffusion
lengths of ~350 nm,*® suggesting that these structures are promising candidates for conductive
nanowire and optoelectronic applications. P3EHT has been shown to have a slower crystallization
rate compared to P3HT due to its enhanced solubility and the increased steric barrier towards
crystallization associated with 2-ethylhexyl side chain inclusion.®” As this slower crystallization
rate may allow for a diminished face-to-face packing rate in the to n-n stacking direction, increased
lateral growth and lamellar stacking could generate 2D platelets.®® The reduced rate of unimer
crystallization on the seed termini may also produce a micelle core with fewer crystalline defects,
potentially eclipsing the impressive exciton diffusion lengths found in P3HT amphiphile-based
fibers. Further to this, the lack of a bulky and electronically insulating corona-forming block such
as poly(methyl methacrylate) (PMMA),*® poly(dimethylsiloxane),*® and poly(2-vinylpyridine)
(P2VvP)* could allow for closer association of the nanofiber cores once cast into a film, resulting
in more efficient inter-fiber charge transfer and increased film conductivity.?* The absence of a
corona-forming block altogether prevents a “coronal poisoning” effect,®42 wherein the corona-
forming block sterically obstructs the termini of the micelle core, which prevents micelle growth
and changes the growth rate in both directions, leading to irregular structures. With all of this in
mind, the following chapter explores the self-assembly of charge-terminated P3EHT species,
[P3EHT23-PPhs]"Br, and discusses attempts to form area-controlled 2D CPNPs. It also
investigates the 1D growth capabilities of this polymer and its ability to form custom triblock

comicelles of controlled lengths.
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4.3 Results and Discussion

4.3.1 Synthesis of a charged polythiophene [P3EHT23-PPhs]*Br-

Previously, our group reported the synthesis of a phosphonium-terminated P3HT
homopolymer by  functionalization of  the P3HT  core-block  with  4-
(diphenyphosphino)phenylmagnesium chloride and subsequent quaternization of the phosphorus
atom using iodomethane, but this method requires extensive purification to remove uncharged
homopolymer and the phosphorus atom can potentially oxidize during the purification, making it
unsusceptible to quaternization.3* As a result, we explored an alternative synthetic pathway which
directly appends a charged phosphonium group to the n-conjugated core block termini through a
copper-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction and doesn’t require
extensive purification. Firstly, the bromide functionality terminating the butyl chain in (4-
bromobutyl)triphenylphosphonium bromide was converted to an azide group by treatment with
sodium azide and the reaction success was determined by analysis using H and P NMR

spectroscopy (Scheme 4.1, Figure S4.3, S4.5).

Scheme 4.1. Synthesis of (4-azidobutyl)triphenylphosphonium bromide. NaN3 = sodium azide,
H20 = water, EtOH = ethanol.

Qo - Qo
Br P > N R
R N Vv H,0:EOH © " g°
80 °C, 16 h

Following this, an alkyne terminated P3EHT23 homopolymer was synthesized through

GRIM polymerization of an in situ generated difunctional thiophene monomer using Ni(o-

tolyl)(dppe)Cl as a catalyst followed by quenching with excess ethynylmagnesium bromide (Mn =
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4,600 Da, Dm = Mw/Mn = 1.08) where subscripts denote the polymer degree of polymerization
(DPn).®® The DP, of P3EHT.s was determined by relative integration of H NMR spectrum
resonances (Figure S4.2) corresponding to the ortho-tolyl methyl group at 2.51 ppm and the proton
in the 4-position on the thiophene rings at 6.94 ppm. Reaction of the azide-functionalized
phosphonium species with the alkyne terminated P3EHT23 via a CUAAC click reaction resulted in
the desired [P3EHT23-PPhs]"Br material (M, = 5,100 Da, Pm = 1.07) (Scheme 4.2, S4.2) which
was characterized by gel permeation chromatography (GPC) (Figure S4.1) and *H and 3P NMR
spectroscopy (Figure S4.4, S4.6). In the GPC chromatogram, the [P3EHT23-PPhs]*Br- trace had a
relatively lower retention volume compared to the P3EHT23 homopolymer suggesting that the
cycloaddition reaction formed a higher molecular mass species (Figure S4.1). 'H NMR
spectrometric analysis of the final product showed the presence of signals belonging to both the
P3EHT block as well as the phosphonium group. Disappearance of the alkynyl singlet peak at 3.51
ppm in the *H NMR spectrum of the P3EHT homopolymer (Figure S4.2) indicates that this group
no longer exists in the final structure following the cycloaddition reaction (Figure S4.4) and the
peak representing the triazole ring proton appears at 8.25 ppm, confirming formation of this

heterocycle.

Scheme 4.2. Synthesis of [P3EHT23-PPhs]*Br- by the CUAAC reaction of alkyne-terminated
P3EHT and (4-azidobutyl)triphenylphosphonium bromide. CuBr = copper(l) bromide, PMDETA
= N,N,N'N" N"-pentamethyldiethylenetriamine, THF = tetrahydrofuran.

Ns/© o
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/
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4.3.2 CDSA of [P3EHT23-PPhs]*Br- into polydisperse 2D nanoribbons and attempts to form
area-controlled structures from 2D seeds by seeded growth at 22 °C and self-seeding
Self-assembly was performed using two separate methods; the first method involved
dissolving solid material in a common solvent (tetrahydrofuran, THF) and slowly adding a solvent
selective for the positively charged phosphonium group (methanol, MeOH) while the second
method involved a heating-cooling cycle in a temperature-dependant selective solvent, n-butanol
(nBuOH) followed by addition of MeOH after cooling. Using the first self-assembly method, solid
[P3EHT23-PPh3]"Br- was dissolved in THF and MeOH was added dropwise with stirring to form
a 1:3 v/iv THF:MeOH mixture (0.1 mg/mL) followed by aging at 22 °C for 24 h which caused
formation of an orange solution. Using the second self-assembly method, solid [P3EHTs-
PPh3]"Br was heated to 90 °C for 30 min. in nBuOH (0.2 mg/mL), cooled to 22 °C slowly (ca. 4
h), and aged for 24 h at 22 °C which also formed an orange solution. After aging, an equivalent
amount of deoxygenated MeOH was added to form a 1:1 v/v nBuOH:MeOH mixture (0.1 mg/mL)
and enhance colloidal stability. The solutions were drop-cast onto a carbon-coated copper TEM
grid and imaged using bright-field TEM following solvent evaporation. TEM analysis of both
samples revealed the presence of polydisperse 2D [P3EHT23-PPhs]*Br nanoribbons that varied in
length and width (Figure 4.1a, b), contrasting the solution self-assembly of an analogous
phosphonium-terminated P3HT amphiphile of similar DP,, that formed 1D nanofibers exclusively
under self-nucleation conditions.3* The ability of [P3EHT23-PPhs]*Br to preferentially form 2D
ribbons over 1D fibers is proposed to be caused by the slower crystallization rate of P3EHT in the
n-n stacking direction compared to P3HT. Reducing crystallization rate in the n-m stacking
direction could be a guiding strategy towards fabrication of 2D CPNPs if the crystallization rate

of the core forming block were lowered further by including a functional group with an even larger
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steric barrier than a 2-ethylhexyl chain. Following nanoribbon formation, small platelet fragments
that function as 2D seeds were produced by sonicating polydisperse [P3EHT23-PPhs]*Br
nanoribbon solutions in 1:3 THF:MeOH (Figure 4.1a, ¢, S4.12a, b) (An = 8500 nm?, Pa = 1.81)
(Pa = Auw/An) and 1:1 nBuOH:MeOH (Figure 4.1b, d, S4.144a, b) at 0 °C for 4 h, followed by

annealing at 30 °C for 18 h (A, = 7800 nm?, Pa = 2.07).
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Figure 4.1. TEM images of polydisperse [P3EHT23-PPhs]"Br nanoribbons in (a) 1:3 THF:MeOH
and (b) deoxygenated 1:1 nBuOH:MeOH following solvent evaporation. Inset in (b) shows 2D
nature of fabricated nanostructures. 2D seed micelles formed by ultrasonication of polydisperse
nanoribbons in (c) 1:3 THF:MeOH and (d) 1:1 nBuOH:MeOH.

To further characterize the nanoribbon dimensions, a 1:1 nBuOH:MeOH solution (0.05
mg/mL) of polydisperse [P3EHT23-PPhs]*Br~ nanoribbons prepared by self-nucleation (Figure
4.1b) was spin-cast onto a silicon substrate and analyzed using atomic force microscopy (AFM)

(Figure S4.8a-c). Measurements were made perpendicular to the long axis of the ribbon and the
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average height was found to be 13.0 nm £ 0.9 nm and the average width (Wn) was W = 167 nm +
8.8 nm (Figure S4.8a-c). Unlike the packing in nanofibers wherein the long axis of the polymer
chains is oriented parallel to the x-axis (Figure 4.2a) and the micelle height (y-axis) results from
lamellar stacking through interdigitation, in 2D micelles the long axis of the polymer chains is
oriented along the y-axis and the polymer DP, constitutes the micelle height (y-axis) with lamellar
stacking constituting the ribbon width (x-axis). Considering that the P3EHT unit cell contains a 3-
(2’-ethylhexyl)thiophene dimer and the width of this unit along the polymer chain backbone is
7.72 A** a P3EHT polymer with a DP, = 23 in its fully extended conformation would have a width
of 8.9 nm, which is ~4 nm smaller than the measured platelet height here (13 nm). The
phosphonium groups on the top and bottom of the platelet would also contribute to the height
which may explain the discrepancy between the measurements. The distance between P3EHT
chains in the alkyl chain stacking direction was found to be 1.51 nm in Chapter 2 and so the W, =
167 nm measured here by AFM suggests that ~112 lamellae of P3EHT chains interdigitate in this

direction to form the width of this ribbon (x-axis).
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Figure 4.2. (a) Cartoon schematic showing the chain packing geometry (not drawn to scale and
bromide anions excluded) and dimensions of a [P3EHT23-PPh3]*Br  nanoribbon. (b) Cartoon
schematic showing attempted seeded growth of nanoribbons upon addition of [P3EHT23-PPhs]*Br-
unimer to 2D [P3EHT23-PPh3]*Br seeds.

Next, seeded growth of area-controlled [P3EHT23-PPhs]*Br- nanoplatelets in 1:3
THF:MeOH was attempted by adding increasing volumes of a stock solution of unimeric
[P3EHT23-PPhs]™Br- (THF, 1 mg/mL) to seed solutions in 1:3 THF:MeOH (Figure 4.1c) at 22 °C
(Figure 4.2b). Unfortunately, at all unimer-to-seed ratios (Munimer/Mseed = 5, 10, 15), no control over
the dimensionality was achieved and TEM analysis of the resulting nanostructures revealed
unpredictable growth as well as micelle aggregation and stacking, which is proposed to be a drying
effect that occurs as solvent evaporates from the TEM grid following drop-casting (Figure S4.15a-
f). Using the same seeded growth protocol with seeds in 1:1 nBuOH:MeOH (Figure 4.1d, S4.16a-
f), similar results were observed but the micelles were found to be thinner and have more irregular
edges compared to the trials carried out in 1:3 THF:MeOH suggesting that THF:MeOH mixture

promotes more lamellar stacking compared to 1:1 nBuOH:MeOH.
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Subsequently, experiments attempting to form uniform platelets via self-seeding were
conducted by heating [P3EHT23-PPhs]*Br seeds in 1:1 nBUuOH:MeOH (A, = 7802 nm?, Da = 2.07)
(Figure S4.14) to self-seeding temperatures for 1 h before cooling directly to 22 °C over ca. 4 h.
From 53 °C — 55 °C, no growth from the seeds was detected and dimensionally homogenous
nanoplatelets were not observed (Figure S4.17a, b). When solutions were heated to 57 °C or 59
°C, branched micelles were observed along with a small fraction of large-area nanoplatelets
(Figure S4.17c, d). Micelle branching may be caused by the exposure of core faces to the solvent
due to the lack of steric protection provided by the phosphonium group, leading to a higher
incidence of crystalline defects and screw dislocations. Heating to >61 °C led to full seed

dissolution as only polydisperse nanoribbons were observed after cooling to 22 °C (Figure S4.17¢).

Although control over the 2D platelet area was not achieved using these methods,
formation of 2D nanostructures from m-conjugated materials in general is rare,%>"84546 and the
nanoribbons formed here are the first example of 2D P3EHT structures made by solution self-
assembly. In-depth analysis of the CPNP photophysical and optoelectronic properties is necessary
to evaluate the energy transfer processes which underly exciton diffusion and determine their
suitability towards application in optoelectronic devices. As an example, 1D nanostructures
formed by living CDSA display excellent exciton diffusion lengths;>3® however, in these cases,
exciton diffusion is largely restricted to one bidirectional axis (the long axis of the fiber). Exciton
diffusion mechanisms and directionality through 2D semiconductive nanostructures has just begun
to be understood and many questions remain about the behaviour of charged quasiparticles in 2D
materials.*’ It is not clear if excitons diffuse along the perpendicular directions of m— stacking and
lamellar stacking in these systems, nor is it clear if the increased potential pathways for excitons

to diffuse creates materials with different energy transport capabilities compared to diffusion
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through the core of a fiber. Investigation of these fundamental processes by using 1D and 2D
CPNPs made from living CDSA as model systems could provide valuable insight to numerous
physical and chemical fields, leading to a more complete understanding of their photophysical
behaviour and better-informed material design. Additionally, this evidence suggests that inclusion
of a more sterically demanding alkyl chain promotes 2D platelet formation and further exploring
the extent of this strategy by modifying the polymer structure may lead to polymeric materials that

improve access to semiconductive 2D CPNPs.

4.3.3 Fabrication of length-controlled B-A-B ([P3EHT23-PPh3]*Br-m-P3EHT 23-b-PEG113-m-
[P3EHT2s-PPhs]*Br) and B-C-B ([P3EHT23-PPhs]*Br-m-P3EH T 1s-b-P2VP13s-m-[P3EH T 2s-
PPhs]*Br) triblock comicelles by seeded growth at 22 °C

Due to the difficulties obtaining uniform 2D platelets using seeded growth and self-seeding
with 2D [P3EHT23-PPhs]"Br seeds, we attempted to use 1D seeds to seed growth of 2D area-
controlled micelles, which has been successful previously with PFS-based materials.*> To 1D
P3EHT23-b-PEG113 seeds in 1:1 nBuOH:MeOH (L, = 77, B = 1.19), increasing amounts of a stock
[P3EHT23-PPh3]*Br- unimer solution (THF, 1 mg/mL) was added at 22 °C and area-controlled 2D
platelets were not recovered; however, we surprisingly formed 1D B-A-B triblock comicelles
([P3EHT23-PPh3]*Br-m-P3EHT23-b-PEG113-m-[P3EHT23-PPh3] "Br’) (m = micelle segment) with
a continuous P3EHT core and a PEG corona located in the central “A” block and [P3EHT23-
PPhs]*Br terminal “B” regions (Figure 4.3). The B-A-B triblock comicelle lengths increased
linearly with the unimer-to-seed ratio (Munimer/Mseed = 5—40) with lengths ranging from L, = 364 to
Ln = 1715 nm and low DL < 1.07 (Figure 4.3, 4.4, S4.18-54.20, Table S4.2). The production of

fibers with low dispersities, high lengths up to 1700 nm, and experimental lengths commensurate
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with theoretical values demonstrates the substantial control exerted over the growth of [P3EHT 23-

PPhs]*Br" from 1D P3EHT23-b-PEG113 seeds.

Seed unimer

[P3EHT,5-PPh;]*Br-m-P3EHT ¢-b-
P2VP,35-m-[P3EHT,5-PPh,]*Br
B-C-B triblock comicelle

[P3EHT ,5-PPhy]*Br-m-P3EHT ,5-b-
PEG,15-m-[P3EHT ,5-PPh,]*Br
B-A-B triblock comicelle
Figure 4.3. Formation of 1D B-A-B ([P3EHT23-PPhs]*Br-m-P3EHT23-b-PEG113-m-[P3EH T 23-
PPhs]*Br’) comicelles (left) by addition of [P3EHT23-PPhs]*Br- unimer to P3EHT23-b-PEGi13
seeds and 1D B-C-B ([P3EHT23-PPhs]*Br-m-P3EHT19-b-P2VP13s-m-[P3EHT23-PPhs]*Br)

comicelles (right) by addition of [P3EHT23-PPh3]*Br- unimer to P3EHT19-b-P2VP135 seeds.
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Figure 4.4. TEM images of length-controlled B-A-B ([P3EHT23-PPhs]*Br-m-P3EHT23-b-
PEG113-m-[P3EHT23-PPh3]"Br") triblock comicelles prepared by the addition of [P3EHT23-
PPhs]*Br unimer (THF, 1 mg/mL) to P3EHT23-b-PEG113 seeds solutions (Ln = 77 nm, 1:1
nBuOH:MeOH) at 22 °C with Munimer/Mseed = (@) 5, (b) 20, and (c) 40. (d) Plot showing the linear
dependence of B-A-B nanofiber length (L») on unimer-to-seed ratio (Mynimer/Mseed).
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Finally, we expanded on the scope of the seeded growth experiments by fabricating B-C-B
triblock comicelles ([P3EHT23-PPhs]*Br-m-P3EHT19-b-P2VP13s-m-[P3EHT23-PPhs]*Br) with a
continuous P3EHT core and a P2VP corona located in the central “C” block and [P3EHT23-
PPhs]*Br terminal “B” regions. Increasing amounts of stock [P3EHT23-PPhs]*Br- unimer solution
(THF, 1 mg/mL) was added to 1D P3EHT19-b-P2VP13s seed solutions (nBuOH, 0.05 mg/mL, L
=38 nm, D = 1.24) (Figure 4.5) at 22 °C resulting in the formation of triblock comicelles with
lengths ranging from L, = 293 to L, = 1089 nm and P < 1.13 (Figure 4.3, 4.5, S4.21-23, Table
S4.3) that increased linearly with the unimer-to-seed ratio (Munimer/Mseed = 5-30). The segmented
coronal structure of these nanofibers confers the ability to spatially localize different functionality
on the nanofiber and the positively-charged terminal blocks provides exciting opportunities for
tailored functionalization with inorganic quantum dots for energy transfer studies within hybrid
organic-inorganic assembllies,*® attachment to surfaces for surface-confined nanofiber growth,*°

as well as selective chemical detection.’0-%2
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Figure 4.5. TEM images of length-controlled B-C-B ([P3EHT23-PPhs]*Br-m-P3EHT19-b-
P2VP13s-m-[P3EHT23-PPh3]"Br’) triblock comicelles made by addition of [P3EHT23-PPhs]*Br
unimer (THF, 1 mg/mL) to P3EHT19-b-P2VP138 seeds solutions (L, = 38 nm, nBuOH) at 22 °C
With Munimer/Mseed = (@) 5, (b) 15, and (c) 30. (d) Plot showing the dependence of B-C-B nanofiber
length (Ln) on unimer-to-seed ratio (Munimer/Mseed).
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4.4 Conclusions and Summary

This work investigates the self-assembly behaviour of charge terminated P3EHT species
and illustrates that the nanostructural morphology of [P3EHT23-PPh3]*Br- CPNPs can be tuned
from a 2D to 1D architecture depending on the self-assembly conditions and growth initiator. Self-
nucleation induced growth of 2D [P3EHT23-PPhs]"Br nanoribbons was achieved, marking the first
example of 2D P3EHT nanostructures made by solution self-assembly. In striking contrast to a
charge-terminated P3HT analogue, preferential formation of 2D nanostructures using charge-
terminated P3EHT-based materials is proposed to be due to the slower crystallization of PSEHT
compared to P3HT and the increased steric barrier associated with inclusion of a 2-ethylhexyl
chain. The preferential formation of 2D CPNPs over 1D CPNPS when a P3EHT core-forming
block was used instead of P3HT suggests that reducing the crystallization rate in the n-x stacking
direction may be a practical methodology towards fabrication of 2D structures from n-conjugated
polymeric amphiphiles. Length-controlled B-A-B and B-C-B triblock comicelles with low
dispersity were also fabricated via seeded growth and the segmented and heterogeneous nature of
the micelle provides opportunities for selective attachment of quantum dots and energy transfer
studies. Further, the modularity of this nanofiber system provides promising opportunities for

energy-funneling and selective surface attachment applications.
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4.5 Supporting Information

4.5.1 Methods

Materials

All reagents used for polymers synthesis were of reagent grade and were used as received
unless otherwise stated. All air-free chemistry was performed in a dinitrogen-filled (N2) MBraun
200B glovebox equipped with a cold-well or using a dinitrogen Schlenk line using standard
techniques. 3-bromothiophene (97%), (2-ethylhexyl)magnesium bromide (1.0M in diethyl ether),
ethynylmagnesium  bromide  (0.5M in  THF), 1,2-bis(diphenylphosphino)propane
dichloronickel(11) (Ni(dppp)Cl2), (3-bromopropyl)triphenylphosphonium bromide, sodium azide,
and isopropylmagnesium chloride — lithium chloride (iPrMgCl-LiCl) (1.3M in THF) were
purchased from Millipore Sigma. N-Bromosuccinimide (NBS) was recrystallized from boiling
water prior to use®® and Ni(o-tolyl)(dppe)Cl was synthesized as previously reported.>* 3-(2’-
ethylhexyl)thiophene and 2,5-dibromo-3-(2’-ethylhexyl)thiophene were synthesized as previously
reported.®” Copper(l) bromide (CuBr) was purified by suspending in glacial acetic acid, filtering
and washing with copious amounts of absolute ethyl alcohol then anhydrous ethyl ether followed
by drying in a vacuum oven at 80 °C for three days and stored under nitrogen.>® N,N,N'N".N"-
pentamethyldiethylenetriamine (PMDETA) was degassed prior to use using 3 freeze-pump-thaw
cycles and stored under an N2 atmosphere. Solvents were dried and deoxygenated using a Solvent
Purification System (SPS).>® Self-assembly experiments were performed using HPLC grade

solvents and the solvents were filtered through a 0.2 pum poly(tetrafluoroethylene) membrane.
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Nuclear Magnetic Resonance (NMR)

'H NMR spectra were obtained with a Bruker 500 MHz spectrometer; chemical shifts were

referenced to the residual proteosolvent peak (CHCls, 6 = 7.26 ppm).
Gel Permeation Chromatography (GPC)

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

filtered through a 0.2 um poly(tetrafluoroethylene) membrane prior to analysis.
Transmission Electron Microscopy (TEM)

Carbon films were deposited onto freshly cleaved mica sheets using a Leica EM ACE600
sputter/carbon coater instrument. Carbon films were deposited onto copper grids (500 mesh)
purchased from Ted Pella, Inc. by floatation on water and allowed to dry over 24 h. Samples for
electron microscopy were prepared by drop-casting 10 pL of colloidal nanofiber solution onto a
TEM grid placed on filter paper to absorb the excess solution. Bright field TEM images were
obtained using a JEOL JEM 1011 microscope operating at 80 kV, equipped with a Gatan Orius

SC1000 CCD camera.
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4.5.2 Statistical Analysis

Nanofiber lengths and widths were analysed using ImageJ, an open source software
package developed at the US National Institute of Health.>” Approximately 150 micelles were
traced by hand to determine contour lengths that were then used to calculate the number-averaged
length (Ln) and weight-average length (Lw) or the number-average micelle area (An) and weight-
average micelle area (Aw) using supplementary equations S4.1-S4.4 from the measurements of the
contour length/area (Li/Ai) of individual micelles, where N; is the number of the micelles of length

Li or area Aj, and n is the number of micelles examined in each sample.

. ~NiL; . io1 NiL
(Equation §4.1) L, = ==——  (Equation $4.2) L,, = T
quation S4.3) A, = N quation S4. sy

The polydispersity index (DL or Da) and standard deviations (o) of the measured lengths/areas

were related through the following expressions (Equations S4.5-S4.8).

L A
(Equation S4.5) P, = =%  (Equation S4.6) P, = =~
Ly, An
L 2 A 2
(Equation §4.7) —=—1= (2) (Equation §4.8) —=—1 = (i)
Ln Ln An An

Sonication

Nanofiber sonication was carried out using a Fisherbrand FB11203 sonication bath (37

kHz, 100% power) with the sweep function on and a bath temperature of 0 °C.
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4.5.3 Synthesis and Characterization
Alkynyl-P3EHT, P3EHT23-b-PEG113, and P3EHT19-b-P2VP13s were synthesized as
previously discussed in Chapter 2 by sequential GRIM polymerization and is not reported here.

Molar mass and dispersity of polymers used in this chapter are found in the Table S4.1 below.

Table S4.1. Molar masses and dispersities of polymers used in Chapter 4.

Polymer M (Da) My (Da) Dv?
[P3EHT23-PPhs]"Br- 5,100% 5,000P 5,400%; 5,300P 1.07
P3EHT23-b-PEG113 11,900% 9,600° | 12,600% 10,200° | 1.06
P3EHT10-b-P2VP13s 18,300%18,800° | 20,000%, 22,100° | 1.14

aDetermined by GPC. PDetermined by relative integration of *H NMR spectrum signals. M,"
values from *H NMR signals were estimated by using the Pw?® obtained from GPC data and
multiplying it by Mn° values obtained by *H NMR spectroscopy according to the equation
(BMa)(Mnb) = Mwb.

Scheme S4.1. Synthesis of (3-azidopropyl)triphenylphosphonium bromide

Qo - Qp

Br P’© " = N R

D AN C R VvHO:EtOH Y © 7 g0
80 °C, 16 h

(3-BromopropyDtriphenyl phosphonium bromide (2.0 g, 4.29 mmol, 1 equiv.) and sodium
azide (0.56 g, 8.61 mmol, 2 equiv.) were dissolved in 10 mL of a water: ethanol mixture (1:1 v/v).
The resulting mixture, while stirring, was heated to 80 °C for 16 h. After concentrating in vacuo
to ~3 mL, the solution was cooled in an ice bath (0 °C) for 2 h. The solution was filtered, and the
solids were washed with ice cold water to afford the product as a white solid. (1.55 g, 85 % yield)
IH NMR (CDCls, 500 MHz): 7.94-7.65 (m, 15H, phenyl), 4.17-4.01 (m, 2H, CH,P™*), 3.87 (t, 2H,

J=6.2 Hz, CH2N3), 1.92 (p, 2H, J = 7.2 Hz, CH2CH2N3). 3P NMR (CDCls, 203 MHz): 24.7.
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Scheme S4.2. Synthesis of [P3EHT23-PPhs]*Br
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Alkynyl-P3EHT23 (M = 4,600 Da, Hm = 1.08, 200 mg, 0.04 mmol, 1.0 equiv.), (3-
azidopropytriphenylphosphonium bromide (85 mg, 0.20 mmol, 5.0 equiv.), and CuBr (34 mg,
0.24 mmol, 6.0 equiv.) were added to a Schlenk flask equipped with a stir bar and attached to a
Schlenk line. The flask was evacuated and backfilled three times with nitrogen gas before dry THF
(200 mL) and PMDETA (42 mg, 50 pl, 0.24 mmol, 6.0 equiv.) were added to the flask with a
syringe. The solution was degassed using 3 freeze-pump-thaw cycles, the flask was backfilled with
nitrogen gas, and then stirred at 50 °C for 3 days. To the brown cloudy solution was added CHCl3
(200 mL), and the solution was washed with deionized water (3 x 200 mL) and brine (1 x 200 mL),
dried over magnesium sulfate, gravity filtered, and concentrated in vacuo using a rotary
evaporator. The crude product was purified by column chromatography using a CHCIls/MeOH
mixture (97:3) as an eluent. The collected fractions were concentrated, CHCIs (min. amount) was
added, and the solution was precipitated into hexanes, followed by collection with centrifugation
which yielded the product as a red solid (168 mg, 82% yield, M, = 5,100 Da, Hm = 1.07). Purity
was assayed using thin layer chromatography with CHCI3/MeOH (97:3) as a mobile phase which
showed no evidence of remaining homopolymers. *H NMR (CDCls, 500 MHz): 8.25 (s, 1H,
triazole H), 7.83 — 7.65 (m, phenyl), 7.46 — 7.42 (m, tolyl), 7.25 — 7.22 (m, tolyl), 6.94 (s, 23H,
thiophene), 2.74 (d, J = 7.3 Hz, thiophene-CH>-), 2.51 (s, tolyl-CH3), 1.71 (hept, J = 6.7 Hz, -CH-),
1.44 — 1.20 (m, -CHy), 0.94 — 0.79 (m, -CHa). 3'P NMR (CDCl3, 203 MHz): 24.5.

202



Chapter 4

4.5.4 Gel Permeation Chromatography
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Figure S4.1. Overlaid GPC chromatograms of alkynyl-P3EHT23 (red trace) and [P3EHT2s-
PPhs]*Br (purple trace). Sample concentrations were 1 mg/mL in THF.

4.5.51H NMR Spectroscopy
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Figure S4.2. *H NMR spectrum of alkyne-terminated P3EHT 23 homopolymer (500 MHz, CDCls).
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Figure S4.3. 'H NMR spectrum of (3-azidopropyl)triphenylphosphonium bromide (500 MHz,
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Figure S4.4. 'H NMR spectrum of [P3EHT23-PPh3]*Br (500 MHz, CDCls).
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4.5.6 3'P NMR Spectroscopy
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Figure S4.5. 3P NMR spectrum of (3-azidopropyl)triphenylphosphonium bromide (202 MHz,
CDCls). 3P NMR: 24.7 ppm.
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Figure S4.6. 3'P NMR spectrum of [P3EHT23-PPhs]*Br (202 MHz, CDCls). 3P NMR: 24.5.
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4.5.7 UV-Vis Spectroscopy
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Figure S4.7. Overlayed solution-phase UV-Vis absorbance plots from polydisperse [P3EHT23-
PPh3]"Br nanoribbon solution in 1:1 nBuOH:MeOH (0.05 mg/mL) (red trace) and [P3EHT23-
PPh3]"Br unimer solution in THF (0.1 mg/mL) (orange trace) at 22 °C.

4.5.8 Atomic Force Microscopy
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Figure S4.8. AFM (a) height and (b) amplitude images of polydisperse [P3EHT23-PPhs]'Br
nanoribbons in 1:1 nBuOH:MeOH (0.05 mg/mL) spin-cast onto a silicon wafer. Coloured lines
indicate the height profile shown in (c) drawn perpendicular to the long axis of the nanoribbons.
Trace 1 - height: 11.7 nm, width: 157 nm; Trace 2 — height: 12.9 nm, width: 163 nm; Trace 3 -
height: 14.1 nm, width: 168 nm; Trace 4 - height: 13.1 nm, width: 181 nm; Average height: 13 nm
+ 0.9 nm, Average width: 167 nm + 8.8 nm.
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4.5.9 Crystallization-Driven Self-Assembly
General self-assembly procedure for polydisperse 2D nanoribbons of [P3EHT23-PPhs]*Br

and seed production

Method 1: Solid [P3EHT23-PPh3]*Br was dissolved in THF to make a 0.4 mg/mL solution.
MeOH was added to the vials dropwise with stirring to form a 1:3 THF:MeOH solution (0.1
mg/mL) and then aged at 22 °C for 24 h. The vial was then placed in a 0 °C ultrasonic cleaning
bath and sonicated for 4 h to give seed micelles (37 kHz, 100% power). Seeds were annealed at 30

°C for 18 h prior to use.

Method 2: To a vial containing solid [P3EHT23-PPhs]*Br- was added 500 uL of
deoxygenated nBuOH to form a solution with a concentration of 0.2 mg/mL. The vial was sealed
and heated to 80 °C using a metal heating block for 30 min. and then allowed to cool to 22 °C
slowly (ca. 4 h) followed by aging for 24 h. After aging, 500 uL of deoxygenated MeOH was
added to form a solution with a final concentration of 0.1 mg/mL. The vial was then placed ina 0
°C ultrasonic cleaning bath and sonicated for 4 h to give seed micelles (37 kHz, 100% power).

Seeds were annealed at 30 °C for 18 h prior to use.

General self-assembly procedure for attempted seeded growth of area-controlled [P3EHT 23-

PPhs]*Br- nanoribbons at 22 °C

[P3EHT23-PPh3]"Br seed micelle solutions in either 1:3 THF:MeOH or 1:1 nBuOH:MeOH
(0.1 mg/mL) were added to vials and diluted with 1:3 THF:MeOH or 1:1 nBuOH:MeOH,
respectively, such that the final concentration will be 0.05 mg/mL following unimer addition.
[P3EHT23-PPh3]*Br- unimer solution (deoxygenated THF, 1 mg/mL) correlating to Munimer/Mseed =
5, 10, 15 was added quickly in one aliquot, the solutions were vortexed for 10 s, and then aged at
22 °C for 24 h prior to imaging by TEM.
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General self-assembly procedure for self-seeding of length-controlled [P3EHT23-PPhs]*Br-

nanoribbons

[P3EHT23-PPh3]"Br seed micelle solution (1:1 nBuOH:MeOH, 0.05 mg/mL) was heated
to self-seeding temperatures (53 - 61 °C) for 1 h and then cooled slowly (ca. 4 h) to 22 °C. After

reaching 22 °C and aging for 24 h, the samples were imaged by TEM.

General self-assembly for formation of B-A-B segmented nanofibers (A = P3EHT23-b-

PEGu13, B = [P3EHT23-PPhs]* Br-) by seeded growth at 22 °C

P3EHT23-b-PEG113 seed micelle solutions (1:1 nBuOH:MeOH, 0.1 mg/mL) were added to
separate vials and diluted with a mixture of deoxygenated 1:1 nBuOH:MeOH such that the final
concentration after unimer addition will be 0.05 mg/mL. [P3EHT23-PPhs]*Br~ unimer solution
(deoxygenated THF, 1 mg/mL) correlating to Munimer/Mseed = 5, 10, 15, 20, 30, 40 was added in one

aliquot, the solutions were vortexed for 10 s, and then aged at 22 °C for 24 h prior to TEM imaging.

General self-assembly for formation of B-C-B segmented nanofibers (B = [P3EHT23-PPhs]*

Br-, C = P3EHT19-b-P2VP13s) by seeded growth at 22 °C

P3EHT10-b-P2VP135 seed micelle solutions (nBuOH, 0.1 mg/mL) were added to separate
vials and diluted with a deoxygenated nBuOH such that the final concentration after unimer
addition will be 0.05 mg/mL. [P3EHT23-PPhs]*Br- unimer solution (deoxygenated THF, 1 mg/mL)
correlating to Munimer/Mseed = 5, 10, 15, 30 was added quickly in one aliquot, the solutions were

vortexed for 10 s, and then aged at 22 °C for 24 h prior to imaging by TEM.
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4.5.10 Transmission Electron Microscopy

Figure S4.9. (a, b) TEM images of polydisperse [P3EHT23-PPh3]*Br- nanoribbons made by
dropwise addition of MeOH to [P3EHT23-PPhs]"Br THF solutions with stirring to make 1:3 v/v
THF:MeOH solutions (0.1 mg/mL) followed by aging at 22 °C for 24 h. The samples were then
drop-cast onto a carbon-coated copper TEM grid and imaged following solvent evaporation.

e

b) e

Figure S4.10. (a, b) TEM images of polydisperse [P3EHT23-PPhs]"Br  nanoribbons made by
heating solid [P3EHT23-PPh3]*Br- in deoxygenated nBuOH to 80 °C for 30 min. and then cooling
the 0.2 mg/mL solution to 22 °C and aging 24 h. After aging, an equivalent amount of
deoxygenated MeOH was added to form a 1:1 v/v nBuOH:MeOH solution with a final
concentration of 0.1 mg/mL. The samples were then drop-cast onto a carbon-coated copper TEM
grid and imaged by TEM following solvent evaporation.

209



Seed Fabrication

1:3 THF:MeOH — Not Annealed
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Figure S4.11. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:3 THF:MeOH, 0.1 mg/mL) at 0 °C for 4 h. (b) Histogram
showing the area distribution of [P3EHT23-PPhs]*Br seeds (An = 6000 nm?, Ay = 12200 nm?, Da

=2.03, 6 =+ 6100 nm?, n = 151).
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Figure S4.12. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:3 THF:MeOH, 0.1 mg/mL) at 0 °C for 4 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the area distribution of [P3EHT23-PPhs]"Br seeds (An = 8500 nm?, Ay =

15300 nm?, Pa = 1.81, 6 =+ 7600 nm?, n = 199).
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Figure S4.13. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 4 h. (b) Histogram

showing the area distribution of [P3EHT23-PPhs]*Br seeds (A, = 9200 nm?, Ay, = 22800 nm?, Da
=2.48, 6 =+ 11200 nm?, n = 200).
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Figure S4.14. (a) TEM image of seeds formed by ultrasonication of a [P3EHT23-PPhs]"Br
polydisperse nanoribbon solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 4 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.

(b) Histogram showing the area distribution of [P3EHT23-PPhs]*Br seeds (An = 7800 nm?, Ay =
16200 nm?, Pa=2.07, 6 =+ 8100 nm?, n = 162).
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Attempted seeded growth of area-controlled 2D nanoplatelets at 22 °C using 2D seeds

Using [P3EHT23-PPhs]*Br- Seeds in 1:3 THF:MeOH - Annealed
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Figure S4.15. TEM images of [P3EHT23-PPh3]"Br assemblies (1:3 THF:MeOH, 0.05 mg/mL)
formed by seeded growth using seed micelles (1:3 THF:MeOH, 0.1 mg/mL) which were annealed
at 30 °C for 18 h prior to use. [P3EHT23-PPh3]*Br seed micelles were treated with (a, b) 5, (c, d)
10, and (e, ) 15 equivalents of [P3EHT23-PPh3]*Br unimer (THF, 1 mg/mL) at 22 °C. Solutions
were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM imaging.
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Using [P3EHT23-PPhs]*Br seeds in 1:1 nBuOH:MeOH - Annealed

Figure S4.16. TEM images of [P3EHT23-PPhs]"Br- assemblies (1:1 nBuOH:MeOH, 0.05 mg/mL)
formed by seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) which were
annealed at 30 °C for 18 h prior to use. [P3EHT23-PPhs]"Br-seed micelles were treated with (a, b)
5, (c, d) 10, and (e, f) 15 equivalents of [P3EHT23-PPhs]"Br- unimer (THF, 1 mg/mL) at 22 °C.
Solutions were aged at 22 °C for 24 h followed by solvent evaporation prior to TEM imaging.
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Attempted self-seeding of area-controlled 2D nanoplatelets using 2D seeds
Using [P3EHT23-PPhs]*Br seeds in 1:1 nBuOH:MeOH — Annealed

a)” b)

| B
Figure S4.17. TEM images of [P3EHT23-PPhs]*Br- nanoribbons (1:1 nBuOH:MeOH, 0.05
mg/mL) formed by heating annealed seed solutions (1:1 nBuOH:MeOH, 0.05 mg/mL) to (a) 53
°C, (b) 55°C, (c) 57 °C, (d) 59 °C, and (e) 61 °C for 1 h followed by cooling directly to 22 °C
slowly (ca. 4 h) and aging 24 h. TEM images were obtained following drop-casting onto a carbon-
coated copper grid and subsequent solvent evaporation.
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Length-controlled B-A-B segmented triblock comicelles by seeded growth of [P3EHT23-

PPhs]*Br- from P3EHT23-b-PEGu113 seeds at 22 °C
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Figure S4.18. TEM images of length-controlled B-A-B nanofibers ([P3EHT23-PPhs]'Br-m-
P3EHT23-b-PEG113-m-[P3EHT23-PPh3]'Br) (m = micelle segment) formed by living CDSA
seeded growth (1:1 nBuOH:MeOH, 0.05 mg/mL) using P3EHT23-b-PEG113 seed micelles (1:1
nBuOH:MeOH, 0.1 mg/mL) which were annealed at 30 °C for 18 h prior to use. P3EHT23-b-
PEGa13 seed micelles were treated with (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 equivalents
of [P3EHT23-PPh3]*Br- unimer (THF, 1 mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h
followed by drop-casting onto a carbon coated copper grid followed and solvent evaporation prior
to TEM imaging.
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Figure S4.19. Plot showing the dependence of B-A-B triblock comicelle length (L») on unimer-
to-seed mass ratio (Munimer/Mseed) When using [P3EHT23-PPhs]*Br- unimer and P3EHT23-b-PEG113
seeds (Ln = 77 nm, D = 1.19) for seeded growth experiments at 22 °C. Error bars represent

standard deviation.

Table S4.2. Summary of data from seeded growth experiments at 22 °C to form B-A-B ([P3EHT 23-
PPhs]"Br-m-P3EHT23-b-PEG113-m-[P3EHT23-PPh3]*Br) triblock comicelles with a central
P3EHT23-b-PEG113 block and terminal [P3EHT23-PPhs]*Br- blocks. o is standard deviation in L

measurements.
Munimer/Mseed Ln Lw DL c

Seeds 77 92 1.19 33

5 364 382 1.05 80

10 538 577 1.07 | 145

15 826 842 1.02 | 115

20 1080 | 1138 | 1.05 | 249

30 1400 | 1463 | 1.04 | 296

40 1715 | 1792 | 1.04 | 362
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Figure S4.20. Histograms showing the triblock comicelle length distribution of B-A-B
([P3EHT23-PPh3]*Br-m-P3EHT23-b-PEG113-m-[P3EHT23-PPhs] "Br) nanofibers following seeded
growth experiments at 22 °C. Annealed P3EHT23-b-PEG113 seed micelles (1:1 nBuOH:MeOH, 0.1
mg/mL, 77 nm) were treated with (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 equivalents of
[P3EHT23-PPh3]"Br- unimer (THF, 1 mg/mL) at 22 °C. Final concentrations were 0.05 mg/mL.
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Length-controlled B-C-B segmented triblock comicelles by seeded growth of [P3EHT23-
PPhs]*Br- from P3EHT19-b-P2VP13s seeds ([P3EHT23-PPhs]*Br-m-P3EHT19-b-P2VP133-m-

[P3EHT2s-PPhs]*Br) at 22 °C

a)

Figure S4.21. TEM images of length-controlled B-C-B ([P3EHT23-PPhs]*Br-m-P3EHT19-b-
P2VP13s-m-[P3EHT23-PPh3]"Br) (m = micelle segment) triblock comicelles (nBuOH, 0.05
mg/mL) formed by seeded growth at 22 °C. P3EHT19-b-P2VP133 seed micelles (L, = 38 nm, D =
1.24) were treated with (a) 5, (b) 10, (c) 15, and (d) 30 equivalents of [P3EHT23-PPhs]*Br- unimer
(THF, 1 mg/mL). Solutions (nBuOH, 0.05 mg/mL) were aged at 22 °C for 24 h followed by solvent
evaporation prior to TEM imaging.
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Figure S4.22. Plot showing the dependence of B-C-B nanofiber length (Ln) on unimer to seed
mass ratio (Munimer/Mseed) When using [P3EHT23-PPhs]*Br~ unimer and P3EHT19-b-P2VP133 seeds
(Ln =38 nm, D = 1.24) for seeded growth experiments at 22 °C. Error bars represent standard
deviation.

Table S4.3. Summary of data from seeded growth experiments at 22 °C to form B-C-B ([P3EHT 23-
PPhs]"Br-m-P3EHT19-b-P2VP13s-m-[P3EHT23-PPh3] "Br) triblock comicelles with a central
P3EHT19-b-P2VP138 block and terminal [P3EHT23-PPh3]"Br blocks. ¢ is standard deviation in L
measurements.

Munimer/Mseed Ln Lw DL c
Seeds 38 47 1.24 19
5 293 328 1.12 94
10 424 462 1.09 | 132
15 597 656 1.10 | 190
30 1088 | 1229 | 1.13 | 393
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Figure S4.23. Histograms showing the triblock comicelle length distribution of B-C-B ([P3EHT 23-
PPhs]"Br-m-P3EHT19-b-P2VP13s-m-[P3EHT23-PPh3] "Br’) nanofibers following seeded growth
experiments at 22 °C. Annealed P3EHT19-b-P2VP135 seed micelles (nBuOH, 0.1 mg/mL, 38 nm)
were treated with (a) 5, (b) 10, (c) 15, and (d) 30 equivalents of [P3EHT23-PPh3]"Br- unimer (THF,
1 mg/mL) at 22 °C Final concentrations were 0.05 mg/mL.
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Chapter 5

Surface-Confined Growth of Micellar Brushes with a
Semiconductive Crystalline Core Towards Hybrid Organic-
Inorganic Photodetectors

This chapter contains as of yet unpublished results.
Introductory Comments:

This chapter aims to fabricate a light-harvesting photodetector device using nanofibers grown
from surface-confined seeds. The work presented herein consists only of investigations into
surface-confined seeded growth and characterization of the resulting surfaces. Further work on

device fabrication is needed to bring this project to completion.

Contributions:

This work was conceived by Prof. lan Manners, Prof. Akshay Rao, and Prof. Huibin Qiu. Marcus
Vespa performed the synthesis, solution self-assembly experiments, material characterization, and
some seed attachment experiments. AFM imaging made use of the 4D LABS core facility at Simon
Fraser University (SFU) and was performed by Ayesha Nadeem along with some surface
nanofiber growth experiments. Prof. lan Manners, Prof. Yifan Zhang, Prof. Makhsud Saidaminov,
and Dr. Shixing Lei contributed to data discussions. Marcus Vespa wrote the manuscript along

with input from Dr. Etienne LaPierre.
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5.1 Abstract

Seeded growth of nanofibers from surface-confined seed micelles has emerged as a useful
technique to specifically pattern surfaces with tailored functionality. Crystallization-driven self-
assembly (CDSA) of diblock copolymers (BCPs) with a t-conjugated core-forming block has been
demonstrated to produce 1D length-controlled nanofibers with desirable optoelectronic properties
such as broad absorption over the UV-visible range and long exciton diffusion lengths of up to 350
nm. Herein, we report the immobilization of seed micelles on a crystalline silicon surface and
investigate the surface-confined seeded growth of two poly(ethylene glycol) (PEG)-functionalized
BCPs, PDHF17-b-PEG227 (PDHF = poly(di-n-hexylfluorene)) and P3EHT23-b-PEG113 (P3EHT =
poly(3-(2’-ethylhexylthiophene)), towards the formation of hybrid organic-inorganic
photodetection (PD) devices that utilize the nanofibers as light-harvesting antennae by funnelling
photogenerated charges from the nanofiber termini to the silicon substrate. We report the surface
topology following seed immobilization and nanofiber growth and reveal the superior ability of
PEG corona-forming blocks to adhere to silicon surfaces compared to the currently used poly(2-
vinylpyridine) (P2VP) corona-forming block. Following this, potential device architectures and
experiments are proposed to test the ability of surface-confined =-conjugated polymer

nanoparticles (CPNPs) to act as light harvesting antennae in silicon-based PDs.

5.2 Introduction

Photodetectors (PDs) are electronic devices that convert energy generated by light
absorption into electrical signals that are utilized in the fields of night surveillance, secure

communication, environmental monitoring, and light sensing/detection.** The most prevalent PDs
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are based on inorganic semiconductors such as single crystalline or polycrystalline silicon, because
they exhibit small exciton binding energies, high photonic sensitivity, charge carrier mobilities,
and stability.>* Despite these advantageous properties, silicon suffers from being brittle and
requiring expensive and energy intensive manufacturing processes.!* Silicon’s ubiquity in PD
devices is due to its natural abundance and the significant overlap between the bandgap of single
crystalline and polycrystalline silicon (~1.1 eV) with the solar spectrum; however, low molar
absorptivity, particularly from 800-1100 nm (e = 10%-10°), means thick layers (=50 pm) are
required to absorb broadband light sources, most notably, sunlight.® Further, ~40% of 500 nm light

incident on bare silicon is reflected away and does not generate usable charges.®’

Organic polymeric semiconductors mitigate these shortcomings as they are solution-
processable, have tunable absorptions that can extend to the near IR range, and are printable on
large-area flexible substrates.2'! Adding a polymeric layer onto silicon increases incident light
absorption efficiency by reducing surface reflectivity, as a P3HT thin film reflects only 18% of
500 nm incident light and absorbs 95% of 450-600 nm light when deposited as a 240 nm thick
film.1213 Unfortunately, exciton diffusion lengths in organic polymeric films are notoriously lower
(~5-10 nm) than their inorganic counterparts, restricting the effective thickness of a photoactive
layer to 20 nm, while a layer ~100 nm thick is necessary to absorb most incident sunlight.**%°> A
promising approach towards addressing these limitations is the formation of semiconducting fiber-
like micelles with high exciton diffusion lengths by crystallization-driven self-assembly (CDSA)
of m-conjugated BCPs. Generally, m-conjugated polymer nanoparticles (CPNPs) have large
absorption cross sections, efficient energy transfer capabilities, and absorbed photons have a high
chance to form mobile excitons, making them excellent candidates for light harvesting and PD

applications.’®'® For example, nanofibers self-assembled from a charged phosphonium-

228



Chapter 5

terminated P3HT amphiphile, P3HT30-[PPhzsMe][BPhs], allowed for exciton diffusion lengths of

350 nm to be achieved through the fiber core.*?

Living CDSA seeded growth of BCPs with a crystallizable, conjugated core-forming block
is a powerful technique to generate uniform samples of 1D nanofibers with controlled size and
dimensions.?* The seeded growth method begins with the formation of long polydisperse
nanofibers through spontaneous nucleation and crystallization of the core-forming block induced
by dissolving the BCP in a solvent which is suitable for both blocks (common solvent) and adding
solvent which selectively solvates the corona-forming block (selective solvent) or by heating the
BCP in a temperature-dependent selective solvent which acts as a common solvent at high
temperatures and a corona-selective solvent at room temperature.??332 Ultrasonication-induced
fracturing of the polydisperse fibers generates “seed” micelle fragments with relatively low
average lengths and length differences.?>31:3 The seed termini remain active towards addition of
dissolved BCP (unimer) in a good solvent for both blocks and upon unimer addition, BCP
molecules epitaxially crystallize on the seed termini creating nanofibers with final lengths that are
linearly correlated to the unimer-to-seed mass ratio (Munimer/Mseed), allowing for exceptional control

over nanofiber length.

By combining the broadband light absorption well-suited for the solar spectrum of silicon
with the long-range exciton diffusion lengths and visible light harvesting capabilities of CPNPs,
more efficient light absorption and subsequent charge generation is expected. Moreover, the
optoelectronic properties of CPNPs are dependent on their size, chemical composition and
dimensionality and living CDSA provides a convenient methodology to allow for control over the

latter two factors, which is crucial to maximizing electronic performance.?®
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Seeded growth of nanofibers from a surface represents an attractive approach for
fabrication of specifically patterned surfaces.®* Hydrogen-bonding interactions between the
corona-forming block in poly(ferrocenyldimethylsilane)-b-poly(2-vinylpyridine) (PFS-b-P2VP)
and surface silanol (Si-OH) groups on a silicon wafer were used to immobilize PFS-b-P2VP seed
micelles on the silicon surface, and the seeds were subsequently used as sites for seeded growth of
length-controlled and modular micellar brushes.®® Substitution of the functionally inert PFS core-
forming block used by Qiu and coworkers® for a n-conjugated semiconductive core-forming block
such as poly(3-(2’-ethylhexyl)thiophene) (P3EHT) or poly(di-n-hexylfluorene) (PDHF) unlocks
exciting opportunities for fabrication of thin film organic-inorganic PDs capable of efficient
Forster resonance energy transfer (FRET) to silicon. In addition, the directionality of the grown
nanofibers, perpendicular to the surface, provides an efficient avenue to funnel energy generated
at the fiber termini directly toward the silicon. Because the nanofibers are directly anchored and
therefore in the immediate proximity to the substrate, efficient FRET from the nanofiber to the

silicon is expected upon photoexcitation.

Recently, P3EHT-b-P2VP seed micelles were attached to a silicon surface and successfully
used as sites for nanofiber growth; however, the authors did not analyze the nanofibers’ ability to
transmit photogenerated excitons.3* To create a nanofiber-based PD device with maximized light
absorption and optimal transfer of photogenerated charges to silicon, high density and
homogeneous nanofiber layers are necessary for full and uniform coverage of the substrate. We
hypothesize that PEG may serve as a more effective anchoring corona-forming block compared to
P2VP corona-forming blocks used previously.®*® Per unit mass, PEG has a greater density of
potential hydrogen bond acceptors (oxygen) compared to P2VP (nitrogen), because most of the

atoms which comprise P2VP are non-hydrogen bonding atoms (carbon). Furthermore, in P2VP
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the nitrogen atoms are in the 1- position of the pyridine rings which is sterically obstructed by the
carbon chain composing the polymer backbone, thereby restricting access of the nitrogen atom to
the silanol groups on the silicon surface and potentially preventing all of the nitrogen atoms from
forming an effective hydrogen bond. Conversely, the sp® hybridization of all the atoms in PEG and
lack of any planar aromatic system confers free rotational movement around every bond which
may result in a comparatively higher number of oxygen atoms contacting the silicon surface and
formation of more hydrogen bonds. We propose that seeds composed of PEG-functionalized BCPs
will attach to silicon more robustly resulting in higher density nanofiber layers. Herein, we
investigate the ability of CPNPs formed from two BCPs with PEG coronas of different degrees of
polymerization (DP), PDHF17-b-PEGg227 and P3EHT23-b-PEG113, to hydrogen bond to a silicon

surface and provide sites for nanofiber growth.

5.3 Results and Discussion

5.3.1 Block copolymer synthesis and characterization

Alkyne-terminated PDHF homopolymers were synthesized by Grignard Metathesis
(GRIM) Polymerization beginning by generating an organomagnesium reagent through
transmetallation of a C-1 bond using turbo-Grignard addition to a dihalogenated fluorene monomer
and subsequent polymerization using Ni(dppp)Cl2 (dppp = 1,3-bis(diphenylphosphino)propane).
In situ termination of the living PDHF17 chain with an alkyne end group was achieved through the
addition of excess ethynylmagnesium bromide and, after successive precipitation into methanol
(MeOH) and acetone, the desired product was isolated as a yellow solid in a 58% yield (Scheme
5.1a) where subscripts denote the polymer degree of polymerization (DPr).% The polymer number
average molecular mass (Mn) and dispersity (Pwm, where Dv = Mw/Mn) were determined by gel
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permeation chromatography (GPC) which revealed a PDHF17 homopolymer of DP, =17 (Mn =5,
800 Da, Pm = 1.09) (Figure S5.1). The product was analyzed using *H NMR spectroscopy, which
showed a singlet resonance at 3.16 ppm consistent with a terminal ethynyl proton, indicating
successful functionalization of the polymer chain end with an alkyne (Figure S5.4).%° Next, azide-
terminated PEG227-N3 (Mn = 10, 000 Da) was synthesized by conversion of the terminal hydroxy
group on a PEG-methyl ether homopolymer to a tosyl group followed by introduction of an azide
group by treatment with sodium azide (Scheme 5.1b). This material was synthesized in a yield of
72% and analyzed using *H NMR spectroscopy and GPC. Complete removal of the terminal tosy!
group following reaction with sodium azide is indicated by the disappearance of the aromatic
resonances in the *H NMR spectrum (~7-8 ppm) (Figure S5.5) and the GPC trace showed the

presence of a polymeric material with a M, = 10, 000 Da and v = 1.11 (Figure S5.1).

Scheme 5.1. (a) Synthesis of alkynyl-PDHFi; homopolymer. iPrMgCI-LiClI =
isopropylmagnesium chloride-lithium chloride, THF = tetrahydrofuran. (b) Synthesis of azide-
functionalized PEG113-N3 or PEG227-N3 homopolymers. DCM = dichloromethane, DMF = N,N-
dimethylformamide.

a)
1. iPrMgCI.LICI
2. Ni(dppp)Cls
metacle — St en e
THF, 22 °C 17
b) p-toluenesulfonyl 0
Ho chloride -~ I’S"\O NaN3; - N
‘[“/\Dt DCM, 0 °C to 22 °C ° ‘[‘Aot DMF, 22 °C 3\[“/\0};
n =113 or 227 n=113 or 227 n=113 or 227

The azide-functionalized-PEG (PEG227-N3) was suitable for coupling with alkynyl-
PDHF17 using copper-mediated azide-alkyne cycloaddition click chemistry (CUAAC) to form

PDHF17-b-PEG227. The crude PDHF17-b-PEG227 BCP was purified using successive precipitation
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into ethanol to remove excess PEG227-N3 followed by column chromatography with chloroform as
amobile phase to remove PDHF17 homopolymer. The resulting product was a yellow solid isolated
in an 18% yield that was subsequently analyzed using *H NMR spectroscopy and GPC. The ‘H
NMR spectrum closely matched that reported in the literature and when analyzed by GPC, the
product was found to have a number-average molar mass of M, = 15,800 Da and Py = 1.19.%° The
PDHF17-b-PEG227 GPC trace shows a maximum absorbance at a relatively lower retention volume
than the constituent homopolymers suggesting formation of a higher molecular mass species when
compared to alkynyl-PDHF17 and PEG227-Ns (Figure S5.1). P3EHT23-b-PEGus and its

homopolymer precursors were synthesized using the method described in Chapter 2.

Br Q.O = arl ]17§\’N+/\°t27

1. PEG227-N3 or pEG1 13—N3
2. CuBr -b-PEG1y;

3.PMDETA .
s = THF, 45°C s L
e
, i
2 @8?\{/\0]:13

P3EHT,3-b-PEG, 43

Polymer M (Da) Mw (Da) Dv?
PDHF17-b-PEG227 15,8002 18,8008 1.19
P3EHT23-b-PEG113 11,900% 9,600° 12,6002, 10,200° | 1.06

Figure 5.1. Chemical structures and molar mass characterization of the synthesized BCPs
analyzed by GPC and by integration of proton nuclear magnetic resonance (*H NMR) spectra.
aDetermined by GPC. "Determined by relative integration of *H NMR spectrum signals. For
alkynyl-P3EHT, relative integration was performed between *H NMR signals at 2.51 ppm (s, o-
tolyl CHs = 3H) and 6.97 ppm (s, thiophene CH = 1H). CuBr = copper(l) bromide, PMDETA =
N,N,N'.N",N"-pentamethyldiethylenetriamine, THF = tetrahydrofuran.
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5.3.2 Preparation of polydisperse 1D nanofibers and seeds of PDHFi7-b-PEG227 and
P3EHT23-b-PEGu113

(a) PDHF17-b-PEG227

Polydisperse fiber-like 1D micelles (nanofibers) of PDHF17-b-PEG2.7 were fabricated by
first dissolving the BCP in tetrahydrofuran (THF, 0.2 mg/mL) which is a suitable solvent for both
blocks, followed by dropwise addition of an equivalent volume of MeOH, a selective solvent for
the PEG corona-forming block, to form a 1:1 v/v THF:MeOH solution (0.1 mg/mL). The nanofiber
solution was annealed at 30 °C for 24 h before being cooled to 22 °C and aged for 24 h (Figure
5.2a, S5.18a, b). Small nanofiber fragments that function as seeds were produced by
ultrasonication of a polydisperse PDHF17-b-PEG227 nanofiber solution (Figure 5.2c) (1:1
THF:MeOH, 0.1 mg/mL) at 0 °C for 3 h (L, = 47 nm, B = 1.35) followed by annealing at 30 °C

for 18 h prior to use (Figure S5.20a).
(b) P3EHT23-b-PEG113

Polydisperse P3EHT23-b-PEG113 nanofibers were fabricated by heating solid P3EHT23-b-
PEGa13 in n-butanol (nBuOH) to 90 °C for 30 min. then cooling to 22 °C slowly (over ca. 4 h) and
aging for 24 h. After aging, MeOH was added to form a 1:1 v/v nBuOH:MeOH mixture (0.1
mg/mL) which was drop-cast onto a carbon-coated copper grid and imaged using bright-field
transmission electron microscopy (TEM) (Figure 5.2b, S5.19a, b). Seeds (Figure 5.2d) were
produced by ultrasonication of a polydisperse P3EHT23-b-PEG113 nanofiber solution in 1:1
nBUuOH:MeOH at 0 °C for 3 h (Ln = 44 nm, D, = 1.26) followed by annealing at 30 °C for 24 h

(Figure S5.214a, b) prior to the following seeded growth experiments.
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Figure 5.2. TEM images of polydisperse (a) PDHF17-b-PEG27 and (b) P3EHT23-b-PEG113
nanofiber solutions following solvent evaporation. TEM images of (¢c) PDHF17-b-PEG2.7 seeds (Ln
= 47 nm, P. = 1.35) and (d) P3EHT23-b-PEGu13 seeds (Ln = 44 nm, H. = 1.26) formed by
ultrasonication of their respective polydisperse nanofiber solutions. TEM images were obtained
following solvent evaporation.

5.3.3 Solution-phase seeded growth of length-controlled nanofibers using colloidal seeds
Before seeded growth using surface-immobilized seeds was attempted, solution-phase

seeded growth from colloidal seeds was performed to ensure that nanofiber growth was controlled,

and the experimental lengths matched theoretically predicted values. Theoretical lengths are based

on the equation Lnneory) = Lnseed) [(Munimer/Mseed) +1]-32
(a) PDHF17-b-PEG227

Seeded growth of length-controlled PDHF17-b-PEG227 nanofibers at 22 °C was achieved
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by adding increasing volumes of a stock solution of unimeric PDHF17-b-PEG227 (THF, 1 mg/mL)
to seed solutions (47 nm) (1:1 THF:MeOH, 0.1 mg/mL). Nanofibers with lengths ranging from L
= 224 nm (Munimer/Mseed = 4) 10 Ln = 622 NM (Munimer/Mseed = 17) and low dispersities from DL =
1.05-1.13 were fabricated (Figure 5.3a, S5.22-S5.24, Table S5.1). Using seeds with L, =47 nm, at
Munimer/Mseed = 8, Ln(theory) 1S 423 nm and the experimental L, found here is 381 nm. The
experimental nanofiber lengths are within one standard deviation (o) of the theoretically predicted

lengths.
(b) P3EHT23-b-PEG113

Seeded growth of length-controlled P3EHT23-b-PEG113 nanofibers at 22 °C was achieved
by adding increasing volumes of a stock solution of unimeric P3EHT23-b-PEG113 (THF, 2 mg/mL)
to seed solutions (44 nm) (1:1 nBuOH:MeOH, 0.1 mg/mL). Nanofibers with lengths ranging from
Ln = 131 nm (Munimer/Mseed = 4) t0 Ln = 1528 nm (Munimer/Mseed = 20) and dispersities of AL = ~1.30
were fabricated (Figure 5.3b, S5.25-S5.27, Table S5.2). Higher dispersity nanofibers were
obtained during seeded growth of this material at 22 °C compared to fibers of PDHF17-b-PEG227

which is known to occur in this material as discussed in Chapter 2.
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Figure 5.3. Plot showing the dependence of fiber length (Ln) on unimer-to-seed mass ratio when
using solution-phase seeded growth at 22 °C from seeds of (a) PDHF17-b-PEG27 and (b)
P3EHT23-b-PEG113. Error bars represent standard deviation in L, values.
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5.3.4 Seeded growth of w-conjugated core nanofibers using surface immobilized seeds
Seed attachment and seed density studies before and after washing with selective solvent

mixture

PDHF: poly(di-n-hexylfluorene)
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silicon wafer on plasma etched on plasma etched
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Figure 5.4. Surface-confined self-assembly of PDHF17-b-PEG227 on a plasma etched silicon wafer.
Cartoon schematic showing adherence of PDHF17-b-PEG227 seeds to silicon wafer surface through
hydrogen bonding to surface silanol groups and subsequent growth of nanofiber brush layers
following unimer addition.

To determine if PEG-functionalized BCP seeds attach to a silicon wafer surface, polished
boron-doped (p-type) silicon wafers (1 cm x 1 cm) were plasma etched by exposure to oxygen

plasma for 600 s to remove contaminants adhered to the surface.
(a) PDHF17-b-PEG227

A film of PDHF17-b-PEG227 seeds was deposited onto the plasma etched silicon surface by
spin coating a PDHF17-b-PEG227 seed solution (10 ul, 1:1 v/iv THF:MeOH, 0.5 mg/mL, 3000 rpm).
To remove non-adhered seeds, the nanofiber laden wafer was washed by submersion in 1:1
THF:MeOH three times and allowed to dry 16 h before AFM analysis. The average seed height
was 3.6 £ 0.1 nm which is ~1 nm shorter than heights previously found when measuring PDHF14-
b-PEG227 CPNPs (4.5 nm) (Figure S5.6).% While this discrepancy is small, a potential reason for
the lower height values in this case may be because the PEG corona is attached to the silicon wafer

and therefore does not collapse on top of the micelle, which may be the case in previous

237



Chapter 5

measurements wherein nanofibers were drop-cast onto a non-plasma etched substrate.
Additionally, previous measurements were performed on fibers where steric crowding of the

coronal chains causes them to be in a more extended conformation.

An analysis of the surface seed density prior to and after washing with 1:1 THF:MeOH
was undertaken to evaluate the efficacy of washing and determine how many seeds detach during
washing which is a measure of the anchoring robustness. Prior to washing, PDHF17-b-PEG227 seeds
tended to aggregate into distinct regions and unevenly coat the surface (Figure S5.8a-e) and
following washing, the seeds appeared less densely packed but remained clustered into small
groups (Figure S5.9a-j). We also investigated the number of seeds attached to the surface following
deposition of seed solutions of varying concentration after washing. When casting from seed
solutions with concentrations of 0.1-0.4 mg/mL, the number of seeds attached to the surface per
um? was approximately equivalent (~40), while use of a 0.5 mg/mL seed solution resulted in 135
seeds per um? (3375 per 25 um?) (Figure 5.7, S5.10a, b). The seeds appeared less evenly distributed
when 0.5 mg/mL seed solutions were used (Figure 5.5a) but casting using this solution
concentration resulted in the highest seed attachment (Figure S5.10a, b) so this concentration was

chosen to perform surface-confined nanofiber growth studies.

238



Chapter 5

Figure 5.5. AFM height images of adhered (a) PDHF17-b-PEG2.7 seeds (1:1 THF:MeOH, 0.5
mg/mL) and (b) P3EHT23-b-PEG113 seeds (1:1 nBuOH:MeOH, 0.5 mg/mL) on a plasma etched
silicon wafer surface after washing with 1:1 THF:MeOH or 1:1 nBuOH:MeOH, respectively.

Negative control experiments were performed wherein a blank, plasma etched silicon
wafer surface was imaged using atomic force microscopy (AFM) showing no CPNPs and only
irregular 2D structures (Figure 5.6a) that are proposed to be inherent height variations in the silicon
surface topology as it is not manufactured as a perfectly smooth surface. Next, we investigated if
PDHF17-b-PEG227 self-assembles on the silicon surface if placed in 1:1 THF:MeOH with no seeds
present. To a blank, plasma etched silicon wafer, a solution of PDHF17-b-PEG227 unimer (10 pl,
THF, 2 mg/mL) was applied by spin-coating onto the surface and then the wafer was fully
submerged in 1:1 THF:MeOH, the solution was allowed to age at 22 °C while shaking on an
automatic mixing table for 24 h, and then removed from the solvent and dried before AFM
imaging. AFM revealed the presence of localized regions of ill-defined BCP aggregates (Figure
5.6b) with no CPNPs observable, reinforcing that added unimer does not form 1D CPNPs in the

absence of seeds on the surface if the wafer is submerged in a 1:1 THF:MeOH solution alone.
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Figure 5.6. AFM height images of (a) a blank, plasma etched silicon surface and (b) PDHF17-b-
PEG227 unimer (10 ul, THF, 2 mg/mL) that was spin-coated (3000 rpm) onto a blank plasma etched
silicon surface and placed in 1:1 v/iv THF:MeOH with no seeds present. Only ill-defined BCP
aggregates are observed on the surface.

(b) P3EHT23-b-PEG113

Next, we investigated attachment of P3EHT23-b-PEG113 seeds to a plasma etched silicon
surface. In contrast to PDHF17-b-PEG227 seeds, casting a film of P3EHT23-b-PEG113 seeds resulted
in a significantly more even seed distribution across the surface with little localization or
aggregation (Figure 5.5b) which may be caused by the slower evaporation of 1:1 v/v
nBuOH:MeOH compared to 1:1 THF:MeOH. From 0.2 — 0.5 mg/mL, higher counts of P3EHT 23-
b-PEG113 seeds were observed compared to PDHF17-b-PEG227 seeds following washing (Figure
5.7, S5.13a, b). When casting from P3EHT23-b-PEG113 seed solutions with concentrations of 0.1-
0.4 mg/mL, ~90 seeds attached to the surface per um? which is nearly double the amount of
attached PDHF17-b-PEG227 seeds at the same concentrations, with the highest attachment (110
seeds per um?) occurring when a 0.3 mg/mL P3EHT23-b-PEGa13 seed solution was used (Figure
S5.13a, b). A higher incidence of P3EHT23-b-PEG113 seeds attached to the surface is expected
because the P3EHT23-b-PEG113 seed solution has a higher molar concentration (2.5 x 10*

mmol/mL) compared to the PDHF17-b-PEG2,7 seed solution (1.89 x 10* mmol/mL); however,
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double the comparative attachment is too large of a discrepancy to attribute to only concentration
differences. For example, 10 pl of a 0.3 mg/mL P3EHT23-b-PEG113 seed solution was spin coated
onto the silicon surface and contains 2.5 x 10® mmol of material while 10 pl of a 0.3 mg/mL
PDHF17-b-PEG227 solution contains 1.89 x 10 mmol of material. Assuming the same amount of
solvent and seeds is removed from the surface during spin-coating for both, P3EHT23-b-PEG113
should have 1.32 times the number of attached seeds (2.5 x 108/1.89 x 10®) based on molarity
alone. Further, the PDHF17-b-PEG227 seeds are slightly longer (Ln = 47 nm) than the P3EHT 23-b-
PEG113 seeds (Ln = 44 nm), but less BCP chains compose a 47 nm PDHF17-b-PEG227 seed than a
44 nm P3EHT23-b-PEG113 seed. This is based on previous reports that the PDHF n-rt stacking
distance in PDHF14-b-PEGgy7 fibers is 0.46 nm and has 4 interdigitated lamellae,*® so a 47 nm seed
has 409 BCP chains ([47 nm/0.46 nm] x 4 lamellae) while P3EHT chains have a n-n stacking
distance of 0.49 nm in P3EHT23-b-PEGu13 fibers and 6 interdigitated lamellae,®” so a 44 nm seed
has 539 BCP chains ([44 nm/0.49 nm] x 6 lamellae). Less BCP chains in PDHF-b-PEG seeds
suggests that even though there is a lower molar concentration, the chains are distributed among
more seeds compared to P3EHT-b-PEG seeds leading to the conclusion that the shorter PEG
corona-forming block (PEG113) causes higher seed attachment than the comparatively longer
PEG227 corona-forming block. This may be because the PEG113-functionalized seeds occupy a
smaller surface area, and therefore more seeds can attach in a given area compared to the longer
PEG227-functionalized seeds despite there being more potential hydrogen bond acceptors in PEG227
than PEGa113. It is also possible that the higher attachment is caused by more individual PEG chains
composing a P3EHT23-b-PEG113 seed than a PDHF17-b-PEG2.7 seed or because the long PEG2.7
blocks have a higher preference to associate with PEG27 chains on adjacent micelles rather than

the silicon surface which could explain the observed seed localization in films cast from PDHF17-
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b-PEG2.7 seed solutions. Regardless, both P3EHT23-b-PEG113 and PDHF17-b-PEG227 had higher
seed attachment per 25 pm? than PFSzs-b-P2VPsq,* at all tested concentrations (0.2 — 0.5 mg/mL)
(Figure 5.7) even though the P2VP block DP, used by Qiu and coworkers is ~2-5 times higher
than the DP,, of both PEG blocks used here, supporting that PEG is a superior anchoring corona-
forming block compared to P2VP. This finding could be used to design BCPs with a higher affinity

for surfaces and allows tailoring of a substrate surface if higher or lower seed densities are required.
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Figure 5.7. Graph showing the comparative seed densities per 25 pm? of PDHF17-b-PEG2,7 (red
triangles) and P3EHT23-b-PEG113 (orange triangles) compared to PFSss-b-P2VPso2 (blue circles)
(Qiu et al. Science, 2019).% All samples were washed with their self-assembly solvents prior to
seed density counts being obtained.

Seeded growth of 1D nanofibers from surface immobilized seeds
(a) PDHF17-b-PEG227

PDHF17-b-PEG227 seed-functionalized silicon wafers were placed in vials containing 1:1
THF:MeOH such that the final concentration will be 0.05 mg/mL following unimer addition. The
vial was placed on an automatic mixing table and increasing amounts of stock PDHF17-b-PEG227
unimer solution (THF, 2 mg/mL) was added in one aliquot, the vial was sealed, and the solutions
were allowed to mix for 24 h. After 24 h, the wafer was removed from the vial, washed three times
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in 1:1 THF:MeOH, and allowed to dry 16 h before analysis by AFM. When unimer equivalents
equaling Munimer/Mseed = 0.2 Were added, it was difficult to visualize growth from the seeds by AFM;
however, nanofiber growth from the seeds was more apparent when higher equivalents were used
(Munimer/Mseed = 0.4, 0.8, and 1.2) (Figure 5.8a-d). Addition of 0.4 mass equivalents showed modest
growth, likely due to the small amount of unimer added, but addition of 0.8 and 1.2 mass
equivalents showed clear fiber elongation compared to the original seed length, with a relatively
uniform nanofiber layer developing at 0.8 equivalents (Figure 5.8c). Addition of 1.2 mass
equivalents formed longer nanofibers compared to 0.8 mass equivalents, but the surface is more

sparsely populated which may be due to seed or fiber dislodgement (Figure 5.8d).

Figure 5.8. AFM height images of PDHF17-b-PEG227 fibers grown from surface immobilized
seeds following washing upon addition of unimer equaling Munimer/Mseed = (a) 0.2, (b) 0.4, (c) 0.8,
and (d) 1.2 in 1:1 THF:MeOH (0.05 mg/mL). AFM height images of P3EHT23-b-PEG113 fibers
grown from surface immobilized seeds following washing upon addition of unimer equaling
Munimer/Mseed = (€) 1.0, (f) 1.5, (g) 2.0, and (h) 2.5 in 1:1 nBuOH:MeOH (0.05 mg/mL). All scale
bars represent 1 pm.

243



Chapter 5

(b) P3EHT23-b-PEG113

The same protocol for nanofiber growth from P3EHT23-b-PEG113 seeded silicon surfaces
was performed as described above for PDHFi17-b-PEG227 seeded surfaces, but higher mass
equivalents were used to make nanofiber growth more readily observable by AFM. Increasing
volumes of stock P3EHT23-b-PEG113 unimer solution (THF, 2 mg/mL) was added equaling
Munimer/Mseed = 1.0, 1.5, 2.0, and 2.5 which all resulted in distinct growth of CPNP brush layers.
The P3EHT23-b-PEG113 nanofibers made relatively consistent coverings of the silicon surface and
were visually longer at Munimer/Mseed = 2.5 compared t0 Munimer/Mseed = 1.0, with the lengths
increasing more regularly compared to growth from PDHF17-b-PEG227 seeds. A potential cause of
this difference in self-assembly behaviour may be that the longer corona-forming block on
PDHF17-b-PEG227 seeds may interfere with unimer adding to the seed termini, causing irregular

nanofiber growth, a process known as coronal poisoning.3¢=°

Both materials made surface-confined brush layers successfully, and future work will
involve adding higher unimer equivalents to make thicker nanofiber brush layers. Scanning
electron microscopy and AFM could be used to analyze the brush layer thickness at different
equivalents as it is proposed that increased nanofiber length causes surface crowding and the

formation of erect structures.3334

5.3.5 Proposed photodetector device design and testing

Surface-confined CPNP growth has been demonstrated here and results in nanofiber brush
layers that cover the silicon wafer so the design and construction of PD devices must be considered
next. Three silicon-based PD devices will be constructed by first thermally depositing gold onto

the backside of the silicon wafer to form contact electrodes, which will be connected to a digital
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multimeter for measurement of the photocurrent amperage and voltage (Figure 5.9). Following
seed adherence and nanofiber growth, the devices will be exposed to 200-1000 nm light and the
photocurrent will be measured as a function of the incident light wavelength. The first device will
be a control device of bare polished silicon to obtain the baseline photocurrent generated by a
silicon-based PD (Figure 5.9a), the second device (Figure 5.9b) will have a BCP layer spin-coated
onto the surface to determine if non-assembled BCP increases photocurrent, and the third device
(Figure 5.9¢) will be covered with a CPNP brush layer grown from surface-immobilized seeds to
determine if nanofibers efficiently funnel charges to the silicon substrate and increase photocurrent
as proposed. This will be completed for both the BCP systems investigated herein and follow-up
work will compare the performance of all 5 PDs to evaluate the capabilities of these CPNPs to act

as light-harvesting antennae for hybrid organic-inorganic devices.

Bare silicon wafer with Au PDHF-b-PEG spin coated onto Surface-grown PDHF-b-PEGfibers on
electrodes silicon wafer with Au electrodes silicon wafer with Au electrodes

Figure 5.9. Cartoon schematic representations of three hybrid organic-inorganic photodetector
devices. (a) Silicon wafer with gold (Au) electrodes thermally deposited onto the wafer backside
that acts as a control device to get a baseline photocurrent generated by a silicon-based PD. (b)
Silicon wafer with gold (Au) electrodes thermally deposited onto the wafer backside and a
PDHF17-b-PEG227 BCP layer spin cast onto the surface to determine if non-assembled BCP
increases photocurrent. (c) Silicon wafer with gold (Au) electrodes thermally deposited onto the
wafer backside and a PDHF17-b-PEG227 nanofiber layer grown from surface-confined seeds.
PDHF17-b-PEG227 was used in this example but the same devices will be fabricated using
P3EHT23-b-PEG113 CPNPs to make 5 PDs total.
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5.4 Conclusions and Summary

This chapter details an initial investigation into the application of CPNPs formed from two
PEG-functionalized BCPs with a n-conjugated core, PDHF17-b-PEG227 and P3EHT 23-b-PEG113, t0
act as light harvesting antennae when silicon surface immobilized seed micelles serve as sites for
seeded growth. Seeds composed of a BCP with a shorter PEG113 corona (P3EHT23-b-PEG113) were
found to have increased attachment and a more regular distribution on the silicon surface compared
to seeds composed of a BCP with a longer PEG2.7 corona (PDHF17-b-PEG2.7). Seeds consisting
of PEG-functionalized BCPs in general attach more robustly to silicon surfaces following washing
compared to previously used P2VVP-containing BCPs even though the DP;, of the P2VP block was
2-5 times higher, illustrating the superior ability of PEG to anchor to a silicon surface. Surface-
confined nanofibers of PDHF17-b-PEG227 and P3EHT23-b-PEG113 were fabricated by initiation
from immobilized seeds, with the P3EHT23-b-PEG113 material producing a more homogenous
nanofiber layer. Finally, practical device and experiment designs were proposed to test the efficacy
of these nanofibers to act as light-harvesting antennae and maximize photocurrent in a hybrid
organic-inorganic PD. Further work is necessary to bring these proposals to fruition, along with
comparative investigations between the light harvesting performance of PDHF17-b-PEG227 and
P3EHT23-b-PEG113 nanofibers as well as structure-property studies to determine optimal nanofiber

length for maximized light harvesting and photocurrent generation.
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5.5 Supporting Information

5.5.1 Methods

Materials

All reagents used for polymer synthesis were of reagent grade and were used as received
unless otherwise stated. All the air-free chemistry was performed in a dinitrogen-filled (N2)
MBraun 200B glovebox equipped with a cold-well or on a dinitrogen Schlenk line using standard
techniques. 3-bromothiophene (97%), poly(ethylene glycol) methyl ether (PEG) (average Mn =
5000 and 10000 Da), (2-ethylhexyl)magnesium bromide (1.0 M in diethyl ether),
ethynylmagnesium  bromide (0.5M in THF), p-toluenesulfonyl chloride (99%),
isopropylmagnesium chloride — lithium chloride (iPrMgCl-LiCl) (1.3 M in THF), sodium azide,
and 1,2-bis(diphenylphosphino)propane dichloronickel(ll) (Ni(dppp)Cl2) were purchased from
Millipore  Sigma. 2-bromo-7-iodo-fluorene was purchased from Combiblocks. N-
Bromosuccinimide (NBS) was recrystallized from boiling water prior to use®® and Ni(o-
tolyl)(dppe)Cl was synthesized as previously reported.** Copper(l) bromide (CuBr) was purified
by suspending in glacial acetic acid, filtering and washing with copious amounts of absolute ethyl
alcohol then anhydrous ethyl ether followed by drying in a vacuum oven at 80 °C for three days
and stored under nitrogen.*? N,N,N'N" N"-pentamethyldiethylenetriamine (PMDETA) was
degassed prior to use using 3 freeze-pump-thaw cycles and stored under an N> atmosphere.
Solvents were dried and deoxygenated using a Solvent Purification System (SPS).* Self-assembly
experiments were performed using HPLC grade solvents and solvents were filtered through a 0.2

pum poly(tetrafluoroethylene) membrane.
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Nuclear Magnetic Resonance (NMR)

'H NMR spectra were taken with a Bruker 500 MHz spectrometer; chemical shifts were

referenced to the residual proteosolvent peak (CHCls, 6 = 7.26 ppm).
Gel Permeation Chromatography (GPC)

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

poly(tetrafluoroethylene) membrane prior to analysis.
Preparatory GPC

Preparatory gel permeation chromatography was performed on a Shimadzu Prep GPC
equipped with a CBM-20A communications bus module, LC-20AP solvent delivery unit, SIL-
10AP autosampler, CTO-40C column oven, SPD-40 UV-Vis detector, RID-20A refractive index
detector, and FRC-10A fraction collector. An initial injection of polymer in THF (1 mL, 10
mg/mL) at a flow rate of 3 mL/min using HPLC grade THF as eluent was used to gather the
retention times of the species in solution. Using this data, the fraction collector was calibrated to
separate the desired peaks into separate vials. Subsequent injections (3 mL, 10 mg/mL, 3 mL/min)
were repeated until the desired volume was collected. The resulting solutions were concentrated
in vacuo to yield the final polymers. Removal of homopolymers was assessed using UV-detection

on the Malvern Omnisec GPC and thin layer chromatography.
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Transmission Electron Microscopy (TEM)

Carbon films were deposited onto freshly cleaved mica sheets using a Leica EM ACE600
sputter/carbon coater instrument. Carbon films were deposited onto copper grids (500 mesh)
purchased from Ted Pella, Inc. by floatation on water and allowed to dry over 24 h. Samples for
electron microscopy were prepared by drop-casting 10 pL of a colloidal nanofiber solution onto a
TEM grid placed on filter paper to absorb the excess solution. Bright field TEM images were
obtained using a JEOL JEM 1011 microscope operating at 80 kV, equipped with a Gatan Orius

SC1000 CCD camera.
Sonication

Nanofiber sonication was carried out using a Fisherbrand FB11203 sonication bath (37

kHz, 100% power) with the sweep function on and a bath temperature of 0 °C.
Variable-temperature UV/Vis absorption spectroscopy (VT-UV/Vis)

VT-UV/Vis data from 200 to 800 nm was obtained using a Cary 100 spectrometer equipped
with a Peltier temperature controller employing quartz cells (1 cm x 0.1 cm). Experiments were

conducted at a concentration of 0.05 mg/mL.
Wide-Angle X-ray Scattering (WAXS)

Reciprocal space maps were collected with a Pixcel 3D detector on an Empyrean
diffractometer (Panalytical) equipped with a Cu Kol (A= 1.5406 A) source powered at 45 kV and

40 mA.
Atomic Force Microscopy (AFM)

Atomic-force microscopy (AFM) height images were taken at ambient temperature in air

using a Bruker Multimode VIII atomic force microscope equipped with a ScanAsyst-HR fast
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scanning module and ScanAsyst-Air-HR probe (tip radius of 2 nm), utilising peak force feedback
control. Samples for AFM were drop-cast onto a plasma etched silicon wafer (1 x 1 cm) and

allowed to dry in air before imaging. The spring constant for the AFM tip used was 5 N/m.

5.5.2 Statistical Analysis

Nanofiber lengths and widths were analysed using ImageJ, an open source software
package developed at the US National Institute of Health.** Approximately 150 micelles were
traced by hand to determine contour lengths that were then used to calculate the number-averaged
length (Ln) and weight-average length (Lw) were calculated by using supplementary equations S5.1
and S5.2 from the measurements of the contour length (Li) of individual micelles, where Nj is the

number of the micelles of length Li, and n is the number of micelles examined in each sample.

n
i=1 NiLj

n 2
i=1 NiLj

T~ NL;

(Equation S5.1) L,, = (Equation S5.2) L,, =

Number-averaged width (W) was calculated according to equation S5.3 where Wi = object width

and Nj = number of micelles of length Wi.

YENW;

(Equation S5.3) W, = SN,

The polydispersity index (PL) and standard deviations (o) of the measured lengths were related

through the following expressions (Equations S5.4 and S5.5).

2
(Equation S5.4) b; = i—w (Equation S5.5) i—w —1= (—)

n n
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5.5.3 Synthesis and Characterization
Scheme S5.1. Synthesis of alkynyl-terminated PDHF17

1. IPrMgCI.LiCl
2. Ni(dppp)Cl>

Q'O I 3. —MgBr Q'Q
THF 22 °C
2-Bromo-7-iodo-9,9-bis-n-hexylfluorene was synthesized as previously reported. The H
NMR spectrum matches what was previously reported.*® Alkynyl-PDHF17 was synthesized
according to the procedure from ref 30.%° 150 mg, 58% yield, Mn =5, 800 Da, Pm = 1.09. 'H NMR

(CDCl3, 500 MHz): 7.96-7.44 (m, 6H, aromatic CH), 3.16 (s, 1H, alkyne CH), 2.12 (bs, 4H,

polyfluorene-(CHa) x 2), 1.36-0.59 (m, 22H, polyfluorene-(CH2(CH)4) x 2 and -CH3z x 2).

Scheme S5.2. Synthesis of azide-terminated poly(ethylene glycol) (PEG113-N3 and PEG227-N3)

p-toluenesulfonyl \Q\ 0
"o chloride Hs",_o NaN3 - N
V\Ol’ DCM,0°Cto22°C O V\Ot DMF, 22 °C 3‘{*/\0};

n=113 or 227 n=113 or 227 n=113 or 227

The title compound was synthesized using a previously published procedure.*® Tosylation
was performed under N2 atmosphere employing Schlenk techniques. (5.45 g, 88% yield).
Azidation was performed on a Schlenk line under N> atmosphere (2.02 g, 69% yield, M, =5, 000
Da, Dm = 1.16). *H NMR spectra match what was previously reported in the literature.*® PEG27-
N3 was synthesized using the same procedure found in ref 46.% (1.56 g, 72% yield, M, = 10, 000

Da, By = 1.11).
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Scheme S5.3. Synthesis of PDHF17-b-PEG227

CuBr
N=
_PMDETA
e THE 45°C N‘L/\OII’ZZ?

|=|:>H|=1?-1>-F’E<3227

Synthesis of PDHF17-b-PEG227 was carried out according to a previously reported
procedure.®® H NMR spectrum matches the previous report. 65 mg, 18% yield, M, = 15, 800 Da,

Pm=1.19.

Scheme S5.4. Synthesis of P3EHT 23-b-PEG113

S 1 .— 1. CuBr
W ”3\[~/\o]:13 2.PMDETA
= THF, 45 °C

P3EHT,3-b-PEG 3

Alkynyl-P3EHT23, PEG113-N3, and P3EHT23-b-PEG113 was synthesized as stated in
Chapter 2 on page 86 and relevant characterization can be found there. GPC: M, = 11, 900 Da, Dwm

= 1.06.
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5.5.4 Gel Permeation Chromatography

Ethynyl-PDHF17, PEG227-Ns, and PDHF17-b-PEG227

—— Ethynyl PDHF

x 1
g —PEG-N; 10K
© 08 PDHF-b-PEG
=
S 06
(0]
(14
g 04
N
T
£ 0.2
o]
&
0 i
18 19 20 21 22 23 24

Retention Volume (mL)

Figure S5.1. Overlaid GPC chromatograms of alkynyl-PDHF17 (light blue trace), PEG227-N3 (dark
blue trace), and PDHF17-b-PEG2.7 (yellow trace). Sample concentrations were 1 mg/mL in THF.

Alkynyl-P3EHT23, PEG113-N3, and P3EHT23-b-PEG113

Normalized Refractive Index

0.8

0.6

0.4

0.2

0

—P3EHT
—PEG-N; 5K
—P3EHT-b-PEG

16 17 18 19 20
Retention Volume (mL)

Figure S5.2. Overlaid GPC chromatograms of alkynyl-P3EHT23 (blue trace), PEG113-N3 (grey
trace), and P3EHT23-b-PEG113 (red trace). Sample concentrations were 1 mg/mL in THF.
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5.5.5 IH NMR Spectroscopy

2-Bromo-7-iodo-9,9-bis-n-hexylfluorene

CHCls in
cDCl,

T
| ] -~

‘ |
i L AR & & || UL
LEE | | B LR

Figure S5.3. 'H NMR spectrum of 2-bromo-7-iodo-9,9-bis-n-hexylfluorene (500 MHz, CDCls).
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Alkynyl PDHF17

CHCl; in
cocl,

- A ﬂ g
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Figure S5.4. 'H NMR spectrum of alkyne-terminated PDHF17 homopolymer (500 MHz, CDCls).

PEG227-N3

CHCl; in
CDCly

Water

L o

T T
8 ] 4 2 [ppm]

Figure S5.5. *'H NMR spectrum of azide-functionalized PEG227 homopolymer (500 MHz, CDCls).
Inset (red box) shows aromatic region with no peaks correlated to remaining tosyl-PEG227.
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5.5.6 Crystallization-Driven Self-Assembly Procedures

General self-assembly procedure for polydisperse fibers and seed fabrication
PDHF17-b-PEG227

10 mL of THF was added to a vial containing 2 mg of solid PDHF17-b-PEG227. To the 0.2
mg/mL THF solution was added 10 mL of MeOH dropwise with continuous mixing followed by
annealing at 30 °C for 24 h (final concentration = 0.1 mg/mL, 1:1 v/v THF:MeOH). The vial was
then placed in a 0 °C ultrasonic cleaning bath and sonicated (37 kHz, 100% power) for 3 h to give

seed micelles. Seeds were annealed at 30 °C for 18 h prior to use.
P3EHT23-b-PEG113

10 mL of deoxygenated nBuOH was added to a vial containing 2 mg of solid P3EHT23-b-
PEG113 which was then heated to 90 °C in a metal heating block for 30 min. The 0.2 mg/mL
solution was allowed to cool to 22 °C slowly (ca. 4 h) followed by aging for 24 h. After aging, 10
mL of deoxygenated MeOH was added to form a solution with a final concentration of 0.1 mg/mL.
The vial was then placed in a 0 °C ultrasonic cleaning bath and sonicated (37 kHz, 100% power)

for 3 h to give seed micelles. Seeds were annealed at 30 °C for 18 h prior to use.

General self-assembly procedure for solution-phase seeded growth of length-controlled

nanofibers at 22 °C
PDHF17-b-PEG227

PDHF17-b-PEG227 seed micelle solutions (1:1 THF:MeOH, 0.1 mg/mL) were added to a
vial and diluted with 1:1 THF:MeOH such that the final solution concentration will be 0.05 mg/mL
following unimer addition. Increasing amounts of stock PDHF17-b-PEG227 unimer solution (THF,

1 mg/mL) was added quickly in one aliquot, the solutions were vortexed for 10 s, and then aged at
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22 °C for 24 h prior to imaging by TEM.
P3EHT23-b-PEGu113

P3EHT23-b-PEG113 seed micelle solution (1:1 nBuOH:MeOH, 0.1 mg/mL) was added to a
vial and diluted with a deoxygenated 1:1 nBuOH:MeOH solution such that the final concentration
will be 0.05 mg/mL following unimer addition. Increasing amounts of stock P3EHT23-b-PEG113
unimer solution (deoxygenated THF, 2 mg/mL) was added quickly in one aliquot, the solutions

were vortexed for 10 s, and then aged at 22 °C for 24 h prior to imaging by TEM.

General procedure for adherence of seeds to silicon surface and washing with selective

solvent mixture

A p-type silicon wafer (1 cm x 1 cm) was first cleaned by sonication (37 kHz, 100% power)
in water (3 X 5 min), methanol (3 x 5 min), and acetone (3 x 5 min) followed by drying. The wafer
was then plasma etched by exposing it to an oxygen plasma for 600 s. Following this, the wafer
was placed on a spin-coater stage and seed solution (10 pl) was dropped onto the silicon and then
the wafer was spun at 3000 rpm for 90 s. The wafer was allowed to dry at 22 °C for 1 h. Unwashed
wafers were analyzed by AFM as-is while the washed wafers were washed by submerging three
times into 1:1 THF:MeOH (for PDHF17-b-PEG227) or 1:1 nBuOH:MeOH (for P3EHT23-b-PEGa113)

and then placed on a filter paper and allowed to dry for at least 1 h at 22 °C before AFM analysis.
General procedure for seeded growth of nanofibers from silicon surface immobilized seeds

The seed-functionalized silicon wafer was placed in a vial which was filled with either 1:1
THF:MeOH for PDHF17-b-PEG227 or 1:1 nBuOH:MeOH for P3EHT 23-b-PEG113 such that the final
concentration will be 0.05 mg/mL following unimer addition and taking care that the silicon wafer

is fully submerged. The vial was placed on an automatic mixing table and set to a speed that does
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not cause the solvent to drop below the silicon wafer surface while mixing/shaking. Stock unimer
solution (THF, 2 mg/mL) was quickly added in one aliquot, the vial was sealed, and the solutions
were allowed to mix for 24 h. After 24 h, the wafer was removed from the vial, placed on a filter

paper, and allowed to dry overnight before AFM analysis.

5.5.7 Atomic Force Microscopy

PDHF17-b-PEG227 Seeds

Trace 1
Trace 2
Trace 3

LA i

50 100 150 200
Distance (nm)

Figure S5.6. (a) AFM height image of PDHF17-b-PEG227 seeds (Ln = 47 nm) in 1:1 THF:MeOH
(0.05 mg/mL) immobilized on a plasma etched silicon surface. Coloured lines indicate height
profile shown in (b) Trace 1 - height: 3.4 nm; Trace 2 - height 3.2 nm; Trace 3 - height: 3.5 nm.
Average height: 3.6 nm £ 0.1 nm.
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P3EHT 23-b-PEG113 Seeds

—Trace 1
—Trace 2
—Trace 3
—Trace 4
Trace 5

Figure S5.7. (a) AFM height image of P3EHT23-b-PEG113 seeds in 1:1 nBuOH:MeOH (0.05
mg/mL) (Ln = 44 nm) immobilized on a plasma etched silicon surface. Coloured lines indicate the
height profile shown in (b) drawn perpendicular to the long axis of the nanofibers. Trace 1 - height:
4.4 nm; Trace 2 - height: 3.7 nm; Trace 3 - height: 3.4 nm; Trace 4 - height: 4.1 nm; Trace 5 -
height: 3.5 nm. Average height: 3.8 nm = 0.4 nm.

Seed immobilization on a silicon surface and seed density comparisons

PDHF17-b-PEG227 - Unwashed

Figure S5.8. AFM height images after depositing 10 ul of (a) 0.5 mg/mL, (b) 0.4 mg/mL, (c) 0.3
mg/mL, (d) 0.2 mg/mL, and (e) 0.1 mg/mL PDHF17-b-PEG227 seed solutions onto plasma etched
silicon wafers via spin coating imaged using AFM. Surfaces were not washed prior to imaging.
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PDHF17-b-PEG227 - Washed

0.5 mg/mL 0.4 mg/mL 0.2 mg/mL

T

Low Magnification

High Magnification

Figure S5.9. AFM height images after depositing 10 ul of (a) 0.5 mg/mL, (b) 0.4 mg/mL, (c) 0.3
mg/mL, (d) 0.2 mg/mL, and (e) 0.1 mg/mL PDHF17-b-PEG227 seed solutions onto plasma etched
silicon wafers via spin coating and imaged at low magnification. AFM height images after
depositing 10 ul of (f) 0.5 mg/mL, (g) 0.4 mg/mL, (h) 0.3 mg/mL, (i) 0.2 mg/mL, and (j) 0.1
mg/mL PDHF17-b-PEG27 seed solutions deposited on plasma etched silicon wafers via spin
coating and imaged at high magnification. All samples were washed with 1:1 THF:MeOH
following spin coating prior to imaging.

a) b)
175, 40007¢ PDHF-b-PEG
¢ PDHF-b-PEG ® PFS-b-P2VP (Qiu 2019)
1507 . .
£ 125 © 33000
100 o
a g 2000-
g7s g .
@ o *
g 501 | . . 210001 o . .
= ® = 3
25 .
0 : . . . ‘ 0 ; ‘ ; . .
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Concentration (mg/mL) Concentration (mg/mL)

Figure S5.10. Graph showing the seed density of PDHF17-b-PEG227 seeds per (a) 1 pm?and (b)
25 pm? compared to PFSzs-b-P2VPso, (Qiu et al. Science, 2019).3® Density was approximated by
counting immobilized seeds in 1 pm? and multiplying by 25 to get seed density across 25 pm?2.
Seed distribution densities across 1 um? - 0.1 mg/mL = 40; 0.2 mg/mL = 45; 0.3 mg/mL = 35; 0.4
mg/mL = 50; 0.5 mg/mL = 135. Seed distribution densities across 25 pm? - 0.1 mg/mL = 1000;
0.2 mg/mL =1125; 0.3 mg/mL = 875; 0.4 mg/mL = 1250; 0.5 mg/mL = 3375.
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P3EHT23-b-PEG113 - Unwashed

Figure S5.11. AFM height images of 10 ul of (a) 0.5 mg/mL, (b) 0.4 mg/mL, (c) 0.3 mg/mL, (d)
0.2 mg/mL, and (e) 0.1 mg/mL P3EHT23-b-PEG113 seed solutions (Ln = 44 nm) deposited onto

plasma etched silicon wafers via spin coating imaged using AFM. Surfaces were not washed prior
to imaging.

P3EHT23-b-PEG113 - Washed

0.5 mg/mL

T e
s e

0.4 mg/mL 0.3 mg/mL 0.2 mg/mL 0.1 mg/mL

Low Magnification

High Magnification

Figure S5.12. AFM height images of 10 ul of (a) 0.5 mg/mL, (b) 0.4 mg/mL, (c) 0.3 mg/mL, (d)
0.2 mg/mL, and (e) 0.1 mg/mL P3EHT23-b-PEG113 seed solutions deposited onto plasma etched
silicon wafers via spin coating and imaged at low magnification. AFM height images of (f) 0.5
mg/mL, (g) 0.4 mg/mL, (h) 0.3 mg/mL, (i) 0.2 mg/mL, and (j) 0.1 mg/mL P3EHT23-b-PEG113
seed solutions deposited on plasma etched silicon wafers via spin coating and imaged at high
magnification. All samples were washed prior to imaging.
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Figure S5.13. Graph showing the seed density of P3EHT23-b-PEGu113 seeds per (a) 1 um?and (b)
25 pm? compared to PFSzs-b-P2VPso, (Qiu et al. Science, 2019).3® Density was approximated by
counting immobilized seeds in 1 um? and multiplying by 25 to get seed density across 25 pm?2.
Seed distribution densities across 1 pm? - 0.1 mg/mL = 15; 0.2 mg/mL = 100; 0.3 mg/mL = 110;
0.4 mg/mL = 85; 0.5 mg/mL = 90. Seed distribution densities across 25 um? - 0.1 mg/mL = 375;
0.2 mg/mL = 2500; 0.3 mg/mL = 2750; 0.4 mg/mL = 2125; 0.5 mg/mL = 2250.

Nanofiber growth from surface immobilized seeds

PDHF17-b-PEG227

Figure S5.14. AFM height images of PDHF17-b-PEG227 fibers grown from surface-immobilized

seeds (0.5 mg/mL) upon addition of unimer equaling Munimer/Mseed = (a) 0.2, (b) 0.4, (c) 0.8, and

(d) 1.2 in 1:1 THF:MeOH (0.05 mg/mL). Samples were washed before AFM imaging and all scale
bars represent 1 pm.
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Figure S5.15. (a) AFM height image of PDHF17-b-PEG227 fibers (Munimer/Mseed = 1.2) in 1:1
THF:MeOH (0.05 mg/mL) grown from silicon wafer surface immobilized PDHF17-b-PEG227
seeds. Coloured lines indicate height profile shown in (b) drawn perpendicular to the long axis of
the nanofibers. Trace 1 — Peak 1 - height: 5.2 nm; Peak 2 - height 5.0 nm; Peak 3 - height: 4.6 nm;
Peak 4 - height: 5.6 nm. Average height: 5.1 nm £ 0.4 nm. Trace 2 — Peak 5 - height: 7.2 nm; Peak
6 - height 4.5 nm; Peak 7 - height: 4.9 nm; Peak 8 - height: 4.9 nm; Peak 9 - height: 6.3 nm.
Average height: 5.5 nm £ 1.2 nm.

Figure S5.16. AFM height images of P3EHT23-b-PEG113 fibers grown from surface-immobilized
seeds following washing upon addition of unimer equaling Munimer/Mseed = (a) 1.0, (b) 1.5, (c) 2.0,
and (d) 2.5 in 1:1 nBuOH:MeOH (0.05 mg/mL). Samples were washed before AFM imaging and
all scale bars represent 1 um.
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Figure S5.17. (a) AFM height image of P3EHT23-b-PEGa13 fibers (Munimer/Mseed = 1.5) in 1:1
nBuOH:MeOH (0.05 mg/mL) grown from silicon wafer surface immobilized P3EHT23-b-PEG113
seeds. Coloured lines indicate height profile shown in (b) drawn perpendicular to the long axis of
the nanofibers. Trace 1 — Peak 1 - height: 5.2 nm; Peak 2 - height 6.0 nm; Peak 3 - height: 6.0 nm;
Peak 4 - height: 3.9 nm. Average height: 5.3 nm £ 0.9 nm. Trace 2 — Peak 5 - height: 5.7 nm; Peak
6 - height 6.4 nm; Peak 7 - height: 6.7 nm; Peak 8 - height: 6.6 nm; Peak 9 - height: 6.3 nm; Peak
10 - height: 4.8 nm. Average height: 6.1 nm £ 0.6 nm.
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5.5.8 Transmission Electron Microscopy

Polydisperse Micelles

PDHF17-b-PEG227

a)

Figure S5.18. (a, b) TEM images of polydisperse PDHF17-b-PEG27; nanofibers made by
dissolving the BCP in tetrahydrofuran (THF, 0.2 mg/mL) and subsequent dropwise addition of an
equivalent amount of MeOH. The solution (0.1 mg/mL) was annealed at 30 °C for 24 h before
being cooled to 22 °C and aged 24 h. Sample was drop-cast onto a carbon-coated copper TEM
grid and imaged by TEM following solvent evaporation.

P3EHT23-b-PEG113

a)

Figure S5.19. (a, b) TEM images of polydisperse P3EHT23-b-PEG113 nanofibers made by heating
the BCP in deoxygenated nBuOH to 90 °C for 30 min. and then cooling the 0.2 mg/mL solution
to 22 °C and aging 24 h. After aging, an equivalent amount of deoxygenated MeOH was added
(0.1 mg/mL). Sample was drop-cast onto a carbon-coated copper TEM grid and imaged by TEM
following solvent evaporation.
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Seed Fabrication

PDHF17-b-PEG227 - Annealed
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Figure S5.20. (a) TEM image of seeds formed by ultrasonication of a PDHF17-b-PEG2.7
polydisperse nanofiber solution (1:1 THF:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were annealed
at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation. (b)
Histogram showing the fiber length distribution of PDHF17-b-PEG227 seeds (Ln = 47 nm, Lw = 63
nm, B =1.35, 0 =+ 28 nm, n = 153).

P3EHT23-b-PEG113 - Annealed

b) L, = 44 +22 nm
D, =126
n=168

€

-}

(@]

O

0 200 400 600 800 1000

Length (nm)

Figure S5.21. (a) TEM image of seeds formed by ultrasonication of a P3EHT23-b-PEG113
polydisperse nanofiber solution (1:1 nBuOH:MeOH, 0.1 mg/mL) at 0 °C for 3 h. Seeds were
annealed at 30 °C for 18 h and then cooled to 22 °C and imaged following solvent evaporation.
(b) Histogram showing the fiber length distribution of PSEHT23-b-PEG113 seeds (Ln = 44 nm, Lw
=55nm, P =1.26, c =+ 22 nm, n = 168).
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Solution-phase seeded growth of length-controlled nanofibers at 22 °C

PDHF17-b-PEG227 seeds which were annealed at 30 °C for 18 h

Figure S5.22. TEM images of PDHF17-b-PEG227 nanofibers in (1:1 THF:MeOH, 0.05 mg/mL)
formed by living CDSA seeded growth using seed micelles (1:1 THF:MeOH, 0.1 mg/mL) which
were annealed at 30 °C prior to use. PDHF17-b-PEG2.7 seed micelles (1:1 THF:MeOH, 0.1 mg/mL)
were treated with (a) 4, (b) 6, (c) 8, (d) 12, and (e) 17 equivalents of PDHF17-b-PEG227 unimer
(THF, 1 mg/mL) at 22 °C. Solutions were aged at 22 °C for 24 h followed by solvent evaporation
prior to TEM imaging.
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Figure S5.23. Plot showing the dependence of fiber length (L») on unimer to seed mass ratio when
using PDHF17-b-PEGg227 seeds (Ln = 47 nm, P = 1.35) that were annealed at 30 °C for 18 h prior
to seeded growth experiments at 22 °C. Error bars represent standard deviation.
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Table S5.1. Summary of data from seeded growth experiments with PDHF17-b-PEG227 seed

micelles which were annealed. o is standard deviation in L, measurements.

500 1000 1500 2000 2500 3000

Munimer/Mseed Ln Lw DL (4]
Seeds 47 63 1.35 28
4 224 | 235 1.05 52
6 269 | 301 | 1.12 | 94
8 381 | 419 1.10 | 120
12 440 | 497 1.13 | 158
17 622 | 684 1.12 | 216
a) b) c)
3 8 g
1] 500 1UULDeng1t!:D(nniD)00 2500 3000 0 500 'IDE(]eng‘I::O(nnZ:;UU 2500 3000 0
d) e)
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Length (nm)

Length (nm)

Length (nm)

Figure S5.24. Histograms showing the nanofiber length distribution of PDHF17-b-PEG2.7 seed
micelles that were treated with (a) 4, (b) 6, (c) 8, (d) 12, and (e) 17 equivalents of PDHF17-b-

PEG227 unimer in THF at 22 °C.
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P3EHT23-b-PEG113 seeds that were annealed at 30 °C for 18 h

Figure S5.25. TEM images of P3EHT23-b-PEGa13 nanofibers in 1:1 nBuOH:MeOH (0.05 mg/mL)
formed by living CDSA seeded growth using seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) that
were annealed at 30 °C for 18 h prior to use. Annealed P3EHT23-b-PEG113 seed micelles (1:1
nBuOH:MeOH, 0.1 mg/mL) were treated with (a) 4, (b) 6, (c) 8, (d) 12, (e) 16, and (f) 20
equivalents of P3EHT23-b-PEGa113 unimer (THF, 2 mg/mL) at 22 °C. Solutions were aged at 22 °C
for 24 h followed by solvent evaporation prior to TEM imaging.
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Figure S5.26. Plot showing the dependence of fiber length (L») on unimer to seed mass ratio when
using seeds (Ln =44 nm, D, = 1.26) that were annealed at 30 °C for 18 h prior to conducting seeded
growth experiments at 22 °C. Error bars represent standard deviation.
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Table S5.2. Summary of data from seeded growth experiments at 22 °C with P3EHT23-b-PEG113
seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) which were annealed at 30 °C for 18 h. o is

standard deviation in L, measurements.

Munimer/Mseed | Ln Lw DL c

Seeds 44 55 | 1.26 | 22

4 131 | 170 | 1.30 | 72

6 200 | 258 | 1.29 | 156

8 403 | 516 | 1.28 | 215

12 313 | 382 | 1.22 | 109

16 326 | 411 | 1.26 | 168

20 1528 | 1986 | 1.30 | 839
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Figure S5.27. Histograms showing the nanofiber length distribution of annealed (30 °C, 18 h)
P3EHT23-b-PEG113 seed micelles (1:1 nBuOH:MeOH, 0.1 mg/mL) that were treated with (a) 4,
(b) 6, (c) 8, (d) 12, (e) 16, and (f) 20 equivalents of P3EHT23-b-PEG113 unimer (THF, 2 mg/mL)
at 22 °C. Final concentrations were 0.05 mg/mL.
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Outlook and Future Work

6.1 Thesis Summary and Future Work

The research presented in this thesis focused on establishing reliable polymer structure-
property relationships, expanding the scope of n-conjugated block copolymers (BCPs) compatible
with living crystallization-driven self-assembly (CDSA) (e.g. P3EHT-based materials), and
exploring under-investigated areas of solution-phase BCP self-assembly (e.g. self-nucleation
suppression, surface-confined nanofiber growth, and fully rigid BCP assembly). In particular, the
work primarily focused on self-assembly of polythiophene based materials, with a strong emphasis
on P3EHT as a crystallizable core-forming block in amphiphilic BCPs, resulting in optimized

control over the length and morphology of CPNPs and the creation of novel nanostructures.

6.1.1 Homogenous and segmented nanofibers from P3EHT BCPs

The work presented on P3EHT BCP self-assembly (Chapter 2) to form length-controlled
homogenous and heterogeneous nanofibers illustrates that small, facile modifications to the
polymeric structure can result in large, beneficial self-assembly differences. This research lays the
fundamental and experimental groundwork for rational modifications that could be done to the
polythiophene structure to exert more control over the length of CPNPs and endow new material
properties, thereby expanding the landscape of potential applications. For instance, the C» position
of the 2-ethylhexyl chains on the thiophene rings is chiral, but the substituents used in this chapter
were a racemic mixture. Use of a stereospecific chain may result in chiral helical supramolecular

assemblies with selective handedness (Figure 6.1a), which have potential applications as optical
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materials,>? scaffolds for asymmetric synthesis,®>* and in separation science.>® Because the
improved control over the self-assembly is proposed to stem from the relative increased steric
barrier and reduced crystallization rate of 2-ethylhexyl substituted polythiophene compared to
linear n-hexyl functionalized polythiophene, further exploration of CPNP morphologies and
properties can be achieved through alkyl chain tuning by increasing the number of branches,’
changing branching position on the main alkyl chain,® changing main and branch chain lengths,®
and inclusion of heteroatoms such as oxygen (Figure 6.1b).!? In addition, the successful
expansion of the self-nucleation suppression method from P3HT BCPs to P3EHT-based BCPs
provides compelling evidence that this method may be generalized to other n-conjugated polymers,
particularly ones where self-nucleation has been a persistent issue during living CDSA. Future

work could involve exploring the applicability of this method to other BCP systems to determine

if increased control over the self-assembly is achieved.

(s)-P3EHT,-b-P2VP,,

Increase number
of branches

Increase chain lengths
Change branching
position

Figure 6.1. (a) Self-assembly of stereospecific poly(3-[(2’-S)-ethylhexyl]thiophene)-b-poly(2-
vinylpyridine) ((s)-P3EHT-b-P2VP) which is proposed to result in chiral helical nanofibers. TEM
image reproduced with permission from ref 13.12 (b) Potential synthetic modifications to the alkyl
chain that could be performed to modify the self-assembly. (c) Cartoon schematic of a P3EHT-
nanofiber based organic field effect transistor (OFET) or organic electrochemical transistor.
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Reducing the crystallization rate of n-conjugated BCPs is proposed to be a guiding strategy
towards improving crystal packing within the micelle core which could drastically affect electronic
conduction capabilities and exciton diffusion lengths. Charge carrier mobility measurements could
be ascertained by fabrication of a P3EHT-nanofiber based organic electrochemical transistor or
OFET device,* which is currently underway, while exciton diffusion lengths could be indirectly
determined through the fabrication of length-controlled triblock comicelles capable of undergoing
FRET from the core to the terminal coronal blocks,'® or directly through transient absorption
spectroscopy.'® Currently, more advanced photophysical studies on the assemblies are required to
reveal the capacity of such unique organic semiconductor materials to be used in

electronics/optoelectronics.

6.1.2 Self-assembly of an all-conjugated BCP with a rigid corona-forming block

Chapter 3 outlines investigations into the solution-phase self-assembly of fully rigid rod-
rod block copolymers and establishes that increasing the core:corona block ratio is a viable
approach towards forming long nanofibers with well-connected core domains. P3HT-b-PPP
nanofibers exhibited an impressive resilience towards the induction of shear stress compared to
other conjugated polymer nanofibers, making them good candidates for reinforcing components
of nanofiber-based composites.t’~?° Fracture prevention and brittleness reduction could be realized
by incorporating these fibers into epoxy or siloxane thermosets, and studies evaluating optimal
nanofiber length, weight percentage, and BCP block ratio could be undertaken (Figure 6.2a-c).
Another potential application would be to determine if the well-connected fiber cores and long

lengths provide improved electronic performance relative to neat P3HT films.
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Figure 6.2. (a) TEM micrograph of RuOs-stained PEP-b-PEO (PEP = poly(ethylene-alt-
propylene), PEO = poly(ethylene oxide)) wormlike micelles dispersed in cured epoxy thermoset
(CET). (b) Stress-strain curves of neat cured epoxy thermoset (neat CET600, red), cured epoxy
thermoset modified with PEP-b-PEQ spherical micelles (CET600/sphere, green), and cured epoxy
thermoset modified with PEP-b-PEO wormlike micelles (CET600/worm, blue) showing superior
tensile strength of CET/worm relative to neat CET600 and CET600/sphere thermosets. (c) TEM
image showing wormlike micelle reinforcing epoxy thermoset in CET600/worm upon crack
formation. Reproduced with permission from ref 20.2°

6.1.3 Exploring the self-assembly of amphiphilic poly(3-(2’-ethylhexyl)thiophene) (P3EHT)
homopolymers with singly-charged termini

Utilizing =-conjugated polymer amphiphiles with a crystallizable poly(3-(2’-
ethylhexyl)thiophene (P3EHT) homopolymer core and a singly charged phosphonium terminus,
2D nanoribbon CPNPs with a continuous m-conjugated core have been prepared using CDSA
(Chapter 4). In-depth analysis of their photophysical and optoelectronic properties is necessary to
evaluate the energy transfer processes which underly exciton diffusion in organic semiconductors
and determine their suitability towards application in devices, respectively. Exciton diffusion
lengths through these 2D CPNPs could be evaluated and then incorporated into flexible pressure
sensors.?t Additionally, this evidence suggests that inclusion of a more sterically demanding alkyl
chain promotes 2D platelet formation and further exploring the extent of this strategy by
optimizing the polymer structure may lead to polymeric materials that provide enhanced access to
semiconducting 2D CPNPs.
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The research in this chapter also outlined the controlled self-assembly of well-defined
coronally segmented triblock comicelles wherein charge-terminated P3EHT homopolymer
([P3EHT23-PPh3]*Br-) was grown from seeds of P3EHT23-b-PEG113 and P3EHT19-b-P2V/P13s. The
segmented coronal structure of these nanofibers confers the ability to spatially localize different
functionality and the positively-charged terminal blocks provides exciting opportunities for
tailored functionalization with inorganic quantum dots for energy transfer studies within hybrid
organic-inorganic assemblies,?? attachment to surfaces for surface-confined nanofiber growth,?® as
well as selective chemical detection.*??428 As an example, perfluoroalkyl acids (PFAASs) and their
salts are persistent, toxic environmental pollutants with a negatively-charged terminal functional
group such as a carboxylate, sulfonate, or phosphonate.?” The positively charged fiber termini
could bond to the negative PFAA group electrostatically, causing bromide counterion
displacement and inducing morphological or solubility changes which could be an indicator for
the presence of PFAAs in drinking water. To date, only CDSA of positively charge-terminated
homopolymers has been explored while negatively charge terminated homopolymers remain
completely uninvestigated. Electron repulsion between these groups may lead to more exotic,
higher curvature nanostructure morphologies, and offer possibilities to detect a broader range of

analytes including hazardous environmental pollutants such as various metal cations.

Moreover, this chapter did not explore the growth of P3EHT23-b-PEG113 or P3EHT 19-b-
P2VP133 from 2D seeds of [P3EHT23-PPhs]*Br- which are proposed to result in “scarf-like”
micelles with a central 2D platelet core and 1D “tassels” extending from it (Figure 6.3).%8
Adherence of the central platelet to a surface such as silicon could allow for energy funnelling
from the tassels termini to the central 2D block, which may result in higher photocurrent generation

than surface-confined nanofibers studied in Chapter 5.
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Plygs-b-PF Gy it

Pl;g-b-PFS+¢
seed

Figure 6.3. Scarf-shaped micelle obtained by heteroepitaxial growth of poly(isoprene)-b-
poly(ferrocenyldimethylgermane) (Plsss-b-PFGsg) unimer from Plz-b-PFS76 2D seeds in
xylene/decane (1:10 v/v). Reproduced and adapted with permission from ref 28.28

6.1.4 Surface-confined growth of n-conjugated nanofibers

The final chapter (Chapter 5) discussed the superior adherence of PEG-functionalized
CPNP seeds to a silicon surface compared to P2VP-functionalized CPNP seeds, followed by
nanofiber growth from the PEG-functionalized seeds toward hybrid light-harvesting photodetector
(PD) devices. Future work will include determining what the optimal nanofiber length is for
photocurrent generation. Additionally, the plasma etching used to remove surface contaminants
also deprotonates the silanol groups, thereby removing their ability to be hydrogen bond donors.
Following etching, it would be prudent to investigate if treatment of the silicon surface with
additives such as weak acids protonates the oxides and further improves seed adherence. One
attractive alternative would be to investigate if CPNPs composed of the positively-charged
polymer [P3EHT23-PPhs]*Br attaches to the surface effectively through electrostatic interactions
(Figure 6.4). Not only would this allow for high coverage of the silicon, but the lack of an
insulating corona block such as PEG or P2VVP would cause closer association of the micelle core
to the surface. Since FRET is a through-space process, this could result in greater charge transfer

from the core to the substrate.
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Figure 6.4. Schematic cartoon showing the adherence of [P3EHT23-PPhs]*Br 2D seeds to a
plasma etched silicon wafer using electrostatic interactions and subsequent growth into a flat
nanoplatelet layer following unimer addition.

6.2 Outlook

Living CDSA is a powerful methodology that allows for fabrication of low dispersity
nanostructures with controlled size and dimension. The tunability of conjugated polymer
properties along with the directed assembly of conjugated polymers into tailored, multifunctional
CPNPs has enabled their application in fields such as photocatalysis, optoelectronics,
nanomedicine, and material science. Further exploration of crystallizable core-forming blocks
compatible with living CDSA is critical to fabricate new materials with undiscovered properties
for advanced applications. “Push-pull” low bandgap crystalline polymers with alternating donor-
acceptor monomeric units are excellent candidates for OPVs but their investigation as core-
forming blocks amenable to living CDSA have not yet been investigated in this capacity.®
Heteroepitaxial seeded growth of semiconductive n-conjugated BCPs could be used to create
nanoscale heterojunctions which allow for effective charge separation upon exciton generation.
Living CDSA is typically done in small batches that vary in crystal quality and nanoparticle size
which has prevented industrial adoption of this process while the fabrication of CPNPs using
continuous flow chemistry could remedy these shortcomings.?® As well, the strong dependence of

CPNP properties on morphology suggests that higher order assemblies such as dimensionally-
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controlled 3D architectures®® and conductive superlattices®*> may provide access to novel
conductive properties, such as graphene has. The advancement towards increasingly smaller
multifunctional materials has become a focal point of materials and energy research and CPNPs
made by living CDSA represent an important class of materials in these promising and influential

fields.
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