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Abstract 

We report the formation of near uniform block copolymer fiber-like micelles of controlled 

length with a crystalline polyselenophene core via the seeded growth process termed living 

crystallization-driven self-assembly (CDSA). Poly(3-decylselenophene)-block-

poly(dimethylsiloxane) (P3DSe-b-PDMS) forms long, fiber-like micelles in selective 

solvents. Attempts to control the length of these fibers, by seeded growth following 

sonication to form the seeds, afforded samples with lengths limited to ca. 300 nm. However, 

we found that direct dispersion of P3DSe-b-PDMS in diethyl ether yields short and relatively 

low dispersity nanofibers (Ln = 41 nm; Lw/Ln = 1.16) which can be used as seeds. In this case, 



 

2 

 

seeded growth led to low dispersity fibers with length control up to ca. 900 nm. Moreover, 

we demonstrate that block co-micelles with spatially distinct PDMS and polystyrene (PS) 

coronal segments can be accessed from the sequential addition of dissolved P3DSe-b-PS to 

preformed P3DSe-b-PDMS micelles. 

Introduction 

The solution self-assembly of synthetic amphiphiles such as block copolymers (BCPs) 

represents a powerful route to nanoparticles (or micelles) based on soft matter. As a result of 

the compositional flexibility arising from state-of-the-art synthetic methods, the resulting 

colloidal nanostructures have broad variety of properties and potential applications.1–6 

However, control of their dimensions and segmentation, especially for non-spherical 

assemblies, generally represents a substantial challenge. A series of studies have 

demonstrated that the use of a BCP with a crystallizable core-forming block can enable the 

use of efficient seeded-growth procedures whereby uniform one-dimensional (1D) fibers7–12 

or two-dimensional (2D) platelet morphologies13–16 can be formed. Segmented “block co-

micelle” and other complex architectures can be prepared by sequential addition of different 

BCPs to short, seed micelles.9–11 These processes have been termed “living” crystallization-

driven self-assembly (CDSA) in analogy to living covalent polymerization of monomers. 

Living CDSA-type seeded growth approaches have also been shown to be valid for 

supramolecular polymers under conditions of suppressed dynamic exchange to allow access 

to uniform and complex assemblies.17–25
  

π-Conjugated polymers are promising candidates for uses in organic electronic and 

optoelectronic devices and can be fabricated into nanowires for nanoelectronic 

applications.26,27 BCPs with a crystallizable -conjugated block are readily accessible and 

their assembly into fiber-like micelles with a crystalline core has been well-established.28–40 
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We have previously shown that living CDSA procedures can be applied to poly(3-

hexylthiophene) (P3HT) BCPs to afford fibers of controlled length and also block co-

micelles.41–43 This type of self-assembly has also recently been achieved with poly(phenylene 

vinylene) BCPs, thus expanding the scope of π-conjugated polymers capable of living 

CDSA.44 Moreover, uniform fibers fabricated by living CDSA containing such 

semiconducting π-conjugated polymers have been incorporated as the active layer in field-

effect transistors. The resulting mobilities are dependent on fiber length and the degree of 

polymerization of the P3HT core block, providing routes to tuneable functionality in such 

devices.45  

In this paper we report on our attempts to apply living CDSA protocols to 

polyselenophene BCPs. Polyselenophenes are selenium-containing analogues of the 

ubiquitous polythiophenes and have been developed into an important class of -conjugated 

polymers. They exhibit desirable properties for organic electronics including a lower band-

gap than their polythiophene analogues,46,47 which is a requirement for efficient harvesting of 

solar energy for photovoltaic applications.26,27,48 Polyselenophenes have also been shown to 

possess different crystallization properties to polythiophenes, arising from significant 

interchain Se-Se interactions,49 and therefore may exhibit distinct living CDSA behaviour.  

Results and Discussion 

(i) Synthesis and Characterization of P3DSe-b-PDMS 

We have previously shown that poly(3-heptylselenophene) (P3C7Se) copolymers 

with an amorphous polystyrene (PS) block are able to form long nanofibers with 

semicrystalline P3C7Se cores in solvents selective for the PS block by CDSA.50 However, 

our attempts to gain length control of these nanofibers using living CDSA techniques were 

inhibited by low solubility of the poly(3-heptylselenophene) (P3C7Se) segment and strong 
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propensity of the PS block to aggregate. Consequently, for the living CDSA studies described 

herein we used poly(3-decylselenophene) (P3DSe) as the crystallizable segment which has 

enhanced solubility relative to P3C7Se. Poly(dimethylsiloxane) (PDMS) was selected as the 

corona-forming block as previously PDMS co-blocks have been used successfully in the self-

assembly of both polythiophene and polyselenophene BCPs.43,50 Furthermore, micelles with 

PDMS coronas do not tend to aggregate as strongly as those with alternative hydrophobic 

shells such as PS.9,43 For these studies, catalyst transfer polycondensation and copper-

catalyzed azide-alkyne cycloaddition (CuAAC) reactions were used to synthesize poly(3-

decylselenophene)-block-poly(dimethylsiloxane) (P3DSe17-b-PDMS240) (where subscripts 

denote degree of polymerization) (Scheme 1). The 2,5-dibromo-3-decylselenophene 

monomer (1) was synthesized from a Weinreb amide precursor as previously published 

elsewhere.51–53 The catalyst transfer polycondensation of 1 and subsequent quenching with 

ethynylmagnesium bromide yielded 2 with moderate degrees of alkyne end-capping as has 

previously been reported for end-capped polythiophenes.54 The number-average molecular 

weight (Mn = 4600 g mol-1) of 2 and degree of alkyne end-capping (44 %) were ascertained 

by matrix-assisted laser desorption ionisation time-of-flight (MALDI-TOF) mass 

spectrometry on the homopolymer (Figure S2). The low degree of alkyne end-capping in 

comparison to polythiophenes54 was attributed to the lower solubility of P3DSe.  

Living anionic polymerization of hexamethylcyclotrisiloxane and quenching with an 

excess of (bromomethyl)chlorodimethylsilane afforded bromo-terminated PDMS240. As 

PDMS has a similar refractive index to THF, the gel permeation chromatography (GPC) trace 

was relatively weak in intensity (Figure S3). However, we were able to extract a value for 

polydispersity (Ð = 1.12) using this technique. The number-average molecular weight of 

PDMS (17,800 g mol-1) was calculated from integration of the n-butyl proton peaks (δ = 1.32, 

0.88 and 0.53 ppm) relative to the methyl proton peak (δ = 0.08 ppm) in the 1H-NMR 



 

5 

 

spectrum (Figure S4). The degree of bromo-functionalization (> 99 %) was determined by 

integration of the methylene proton peak adjacent to the end-group (δ = 2.43 ppm) relative to 

the n-butyl proton peaks. The bromo end-group was subsequently converted to an azide in 

THF using sodium azide and tetrabutylammonium bromide as a phase-transfer reagent. 

Complete conversion of the bromo group to the azido group was characterized by a 

downfield shift in the end-group methylene proton peak (δ = 2.74 ppm) in the 1H-NMR 

spectrum (Figure S5). As the P3DSe17 homopolymer was not 100 % alkynyl-capped, a slight 

(ca. 1.2 mol%) excess of 2 was used for the CuAAC reaction. Preparative size exclusion 

chromatography (SEC) was used to remove any residual P3DSe17 homopolymer from the 

resulting P3DSe17-b-PDMS240, which was isolated as a purple gum. The polydispersity (Ð = 

1.04) of the purified material was determined by GPC analysis (Figure S7). 

 

Scheme 1. Synthesis of P3DSe-b-PDMS by the CuAAC of alkyne-terminated P3DSe (2) and 

azido-PDMS. PMDETA = N,N,N′,N′′,N′′-pentamethyldiethylenetriamine. 

 

(ii) Attempted Living CDSA of P3DSe17-b-PDMS240 Using Seeds Formed by Sonication 

in Ethyl Acetate 
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Self-assembly of P3DSe17-b-PDMS240 was initially investigated in ethyl acetate 

(EtOAc), a selective solvent for PDMS (Scheme 2). The BCP was suspended in EtOAc at 

room temperature (23 °C), heated to 70 °C for 1 h then allowed to cool back to ambient 

temperature. This resulted in the formation of long, fiber-like micelles, the cores of which 

had sufficient electron contrast to be visualized by transmission electron microscopy (TEM) 

imaging (after solvent evaporation) without the need for staining (Figure 1a). Analysis of the 

fibers gave an average core width of 7.4 ± 1.4 nm which is in good agreement with the 

expected theoretical length of 6.7 nm based on a fully extended chain with repeat unit lengths 

of 0.392 nm.55 

 

 

Scheme 2. Schematic representation of the preparation of P3DSe17-b-PDMS240 BCP fibers by 

seeded growth of unimer from seeds formed by sonication of polydisperse micelles. 

Wide-angle X-ray scattering (WAXS) measurements on a dried sample of 

polydisperse fibers was inconclusive with regards to core crystallinity as the expected peaks 

corresponding to the P3DSe block interlayer spacing and π-stacking were not visible above 

the baseline (Figure S8). As the presence of crystallinity was supported by UV-Vis data (vide 

infra) we attribute this to the low volume fraction of the crystallizable P3DSe block relative 

to the amorphous PDMS. This volume fraction is much smaller than that for a previously 

reported sample of polyselenophene BCP fiber-like micelles for which WAXS analysis was 

successful. Similar measurements on a sample of P3DSe17 homopolymer revealed sharp 
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reflections indicative of crystalline packing superimposed on a broad amorphous halo (Figure 

S9). The (100) reflection associated with the interlayer distance was observed at 17.1 Å along 

with higher order reflections at 8.6 Å (200) and 4.1 Å (300). The (010) π-π stacking reflection 

was observed at 3.2 Å. Typically, only (100) and (010) and the associated higher order 

reflections are observed by WAXS for the Type 1 polymorph of poly(3-hexylthiophene).56 

The additional reflection observed at 4.6 Å is associated with alkyl chain tilting, commonly 

noted in Type 2 polymorphs, which have been observed in pure form in polyselenophenes 

and mixed phases in longer side chain poly(3-alkylthiophene)s.49,57 The large amorphous halo 

was attributed to disordered regions of aggregated polymer chains, as the sample was not 

annealed, in addition to scattering from the silicon substrate.  

The presence of crystallinity in the cores of the P3DSe17-b-PDMS240 micelles was 

confirmed in solution by UV/Vis absorption spectroscopy. The UV/Vis spectrum of the 

P3DSe17-b-PDMS240 unimer in THF (0.02 mg/mL) showed an absorption maximum (λabs) of 

450 nm with a very small, low-energy vibronic band (600 nm) which might be accounted for 

by the presence of a small degree of aggregation in THF (Figure S10). The measured λabs in 

THF was hypsochromically-shifted relative to similar P3C7Se BCPs (λabs ≈ 480 nm in THF) 

which could be due to backbone torsion in P3DSe to minimize steric repulsion between the 

longer alkyl chain substituents.58 UV/Vis absorption spectra of the micelles in EtOAc (0.02 

mg/mL) showed a red shifted spectrum (λabs = 500 nm) with a significant low-energy 

vibronic feature at 575 nm indicative of planarization of the P3DSe chains (Figure S10).59 

Furthermore, the photoluminescence spectrum of the P3DSe17-b-PDMS240 micelles in EtOAc 

(λem = 570 nm; 0.02 mg/mL) showed the expected aggregation-induced fluorescence 

quenching (ca. 70 % quenched) relative to the BCP unimer in THF (λem = 560 nm; 0.02 

mg/mL) (Figure S11).60 The red-shift (ca. 50 nm) between BCP unimer in THF and micelles 

in EtOAc in the optical absorption spectra may be indicative of polymorphism in the BCP 
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micelle, crystalline cores as λabs is around 500 nm for the type-2 structure in thin films of 

poly(3-hexylselenophene).49 

 

Figure 1. Bright-field TEM images of P3DSe17-b-PDMS240 in EtOAc (a) before and (b) after 

ultrasonication. (c) Plot of experimentally obtained micelle length (Ln) and theoretical length 

at different munimer/mseed mass ratios. (d) Micelles obtained after addition of 16 unimer 

equivalents, inset highlighting increased polydispersity. 

 Living CDSA of BCPs with crystallizable core-forming blocks is most commonly 

achieved by ultrasonication of long, polydisperse 1D precursor micelles followed by the 

addition of further BCP unimers to the seeds. An alternative approach involves thermal or 

solvent annealing of short micelles formed by sonication, a process termed self-seeding.61,62 

Ultrasonication of the long P3DSe17-b-PDMS240 micelles in EtOAc yielded short (ca. 20 nm), 

low dispersity (Lw/Ln = 1.06) seeds (Figure 1b). However, attempts to perform living CDSA 
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by the addition of P3DSe17-b-PDMS240 unimer in THF to the seeds in EtOAc (mass ratios, 

munimer/mseed, ranging from 1 to 16) were met with limited success. Although growth from the 

seed termini was apparent by TEM analysis (Figure 1d), the length of fibers prepared using 

this technique was limited to ca. 300 nm. Addition of BCP unimer to the seed fibers resulted 

in an increase in fiber length dispersity (Ln/Lw) from 1.06 to between 1.12 and 1.18. 

Furthermore, deviation of the experimentally obtained length from theoretical fiber length, 

obtained by assuming a constant number of chains per unit length, suggests that growth from 

all seeds is not uniform (Figure 1c). Above 10 equivalents of unimer, homogeneous 

nucleation was favoured over epitaxial growth from the fiber ends, resulting in a decrease in 

average length (Ln). Competing homogeneous nucleation was previously identified in our 

studies of the seeded growth of fiber-like P3HT BCP micelles with a poly(methyl 

methacrylate) corona63 and a similar problem in terms of growth from seeds generated by 

sonication has been noted for the cases of P3HT-b-PDMS and P3HT-b-P2VP.41,42 We also 

attempted to prepare uniform fibers by self-seeding61,62 of the short, P3DSe17-b-PDMS240 

seed micelles prepared by ultrasonication of long fibers, a procedure that has been successful 

in the case of P3HT BCPs.43,45 However, heating to just below their apparent dissolution 

temperature (determined as the maximum temperature at which no significant colour change 

was observed from purple to red associated with disruption of the molecular packing of the 

P3DSe chain)47 and subsequent cooling to room temperature was also met with limited 

success and polydisperse micelles were observed by TEM after solvent evaporation (Figure 

S12).  

As discussed previously in the case of P3HT analogues,41,42 the failure to achieve lengths 

beyond ca. 300 nm using living CDSA of P3DSe17-b-PDMS240 is likely to be a consequence 

of the introduction of crystalline defects to the seeds during their formation by 

ultrasonication. Presumably, these defects lead to a defect amplification effect as the seed 
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micelles elongate through unimer deposition at the termini, which eventually results in 

further growth being completely curtailed. Chemical defects caused by ultrasonication, such 

as chain cleavage, have been ruled out by GPC studies which show no significant change in 

molar mass or dispersity after sonication of self-assembled structures (Figure S13). 

(iii) Living CDSA of P3DSe17-b-PDMS240 Using Seeds Formed by Direct Dissolution in 

Diethyl Ether 

To address the aforementioned limitations, we turned our attention to the generation 

of seed micelles under conditions that would not require sonication (Figure 2a) and might 

therefore be anticipated to contain fewer defects. Our preliminary self-assembly experiments 

in a variety of PDMS-selective solvents (including hexanes, decane, EtOAc, and n-butyl 

acetate) indicated that P3DSe17-b-PDMS240 formed short (Ln < 50 nm), relatively uniform 

micelles only when directly dispersed in diethyl ether (Et2O) at ambient temperature. Heating 

was required to dissolve the polymer in the other solvents and the fibers formed were long 

and polydisperse, as is typical for their formation by a homogeneous nucleation mechanism. 

It appears that Et2O is slightly better at solvating the crystallizable P3DSe block relative to 

the other hydrophobic solvents so that the material dissolves. However, this solvent medium 

must also be sufficiently poor for P3DSe that homogeneous nucleation is unusually efficient 

so that short micelles are formed.  Similar results have been observed in other cases where 

direct dissolution in a medium of poor solvent quality for the core-forming block yields 

shorter micelles.64–66 In a typical experiment, direct dissolution of the BCP in Et2O at ambient 

temperature (23 °C) yielded short fibers with an average length of 41 nm and relatively 

narrow length distribution by TEM (Lw/Ln = 1.16) (Figure 2b and 2c). As sonication was not 

used for their formation, the possibility of using these short micelles as alternative seeds for  

living CDSA of the P3DSe17-b-PDMS240 BCP was explored.  
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Figure 2. (a) Schematic representation of the preparation of near monodisperse P3DSe17-b-

PDMS240 BCP fibers; (b) Bright-field TEM micrograph of micelles prepared by direct 

dissolution of the BCP in Et2O at room temperature (Ln = 41 nm, Lw/Ln = 1.16); (c) 

Histogram of the contour length distribution of seeds in (b). The scale on the x-axis is offset 

by a value of 25 nm for clarity. 

These seed micelles were then used for seeded growth experiments using P3DSe17-b-

PDMS240 BCP unimer solution. To favour the formation of near monodisperse fibers of 

controlled length, the short (Ln = 41 nm) P3DSe17-b-PDMS240 seeds in Et2O were first diluted 

(with EtOAc) in separate vials. To further suppress homogeneous nucleation of the BCP, the 

THF content was adjusted to 20% (v/v) in all the samples. Different amounts of P3DSe17-b-

PDMS240 were then added as a solution in THF to these vials. The resulting mixtures were 

aged for 2 days at room temperature. TEM analysis of the samples revealed the presence of 

elongated micelles with lengths that correlated linearly with the unimer to seed ratio (Figure 

3a-d). Using this protocol the formation of P3DSe17-b-PDMS240 nanofibers of controlled 

lengths up to ca. 900 nm with narrow length distributions (Lw/Ln < 1.20) were successfully 
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achieved (Figure 3f). Comparison of the theoretical micelle length, obtained by assuming a 

constant number of chains per unit length, with the experimentally measured length shows 

only slight deviation, indicating successful epitaxial growth of the added BCP unimer onto 

the seed micelles (Figure 3e). 

 

Figure 3. TEM micrographs of P3DSe17-b-PDMS240 fibers grown from P3DSe17-b-PDMS240 

seed micelles (Ln = 41 nm) with munimer/mseed of 2.5:1 (a), 7.5:1 (b), 15:1 (c), and 25:1 (d). (e) 

Plot showing experimentally obtained fiber length (Ln) and theoretical lengths based on 

different munimer/mseed mass ratios. (f) Histogram showing the contour length distribution of 

fibers with munimer/mseed of 2.5:1, 7.5:1, 15:1, and 25:1 (front to back, respectively).  

 (iv) Formation of Block Co-Micelles with a P3DSe Core 

In addition to uniform 1D assemblies, living CDSA provides a controlled route to 

complex architectures such as segmented micelles via the sequential addition of BCPs with 

different corona-forming blocks to the seeds.7,9,15 To explore the formation of block co-

micelles with a polyselenophene core we synthesized another P3DSe BCP with a 

hydrophobic PS coronal block using a similar CuAAC reaction between azido-PS and 
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alkyne-terminated P3DSe (Scheme S1, Figures S14-18).43 To obtain triblock co-micelles, 

P3DSe17-b-PS140 unimer in THF was added to P3DSe17-b-PDMS240 fibers (Ln = 390 nm, 

Lw/Ln = 1.10) which had been diluted in EtOAc (0.12 mg/mL) (Figure 4a). After aging for 2 

days, B-A-B triblock co-micelles with distinct coronal segments were visible by TEM 

without the need for staining (Figure 4b-e), due to the inherent higher electron density of PS 

relative to the central PDMS segment. The solvent composition was modified in order to 

ensure a 20% (v/v) THF content to minimize the homogeneous nucleation of the P3DSe17-b-

PS140 BCP upon its addition. As can be observed in Figure 4b, these micelles were strongly 

aggregated after solvent evaporation. This behaviour was attributed to the tendency for PS 

coronal blocks to aggregate, which has been reported in several studies.9,43,50 However, 

distinct micelle segments with different widths were clearly observable in the aggregates as 

indicated by the arrows. In addition, end-to-end coupled (Figure 4c) and isolated block co-

micelles (Figure 4d, e) as well as aggregates were imaged in the same sample. Unfortunately, 

the extent of the aggregation hindered our ability to perform statistical length analysis. 
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Figure 4. (a) Schematic representation of the formation of B-A-B block co-micelles. b-e) 

Bright-field TEM images of B-A-B (P3DSe17-b-PS140)-m-(P3DSe17-b-PDMS240)-m-( 

P3DSe17-b-PS140) triblock co-micelles. Arrows in (b) point to the observable block co-

micelles within the micellar aggregate. (c) End-to-end coupling of block co-micelles, which 

presumably occurs as a result of intermicelle PS coronal interactions. The region of overlap is 

shown at a higher magnification in the inset. (d, e) Isolated block co-micelles in the same 

sample.  

Summary 

A route to efficiently perform living CDSA of amphiphilic polyselenophene BCPs has 

been developed. By preparing short seed micelles (Ln < 50 nm) from the direct dispersion of 

P3DSe17-b-PDMS240 in Et2O under ambient conditions where homogeneous nucleation is 

favoured, the use of ultrasonication, which is believed to cause seed defects, can be 
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circumvented. This allowed near-uniform micelles of controlled lengths up to ca. 900 nm to 

be obtained.  Furthermore, addition of a second P3DSe BCP with a PS corona-forming block 

to fibers of P3DSe17-b-PDMS240 yields B-A-B block co-micelles with distinct PDMS and PS 

coronal segments. These B-A-B segmented structures were resolvable by TEM through their 

inherent electron density contrast.  

Although the seeds required for living CDSA processes can often be successfully 

generated by sonication of longer micelles,67 difficulties are encountered in some cases where 

the core- or corona-forming blocks can undergo undesirable side reactions. The approach 

involving the formation of seed micelles by direct dissolution in a poor solvent for the core 

may be broadly applicable to BCPs with crystallizable core-forming blocks that are sensitive 

to sonication. Further studies aimed at investigating the influence of sonication on the seeds 

and establishing the generality of this new approach which, in principle, is simpler than the 

use of self-seeding approaches to control fiber length,43,45,61,62 are in progress. A detailed 

investigation of the properties and optoelectronic applications of the fiber-like micelles with 

an electroactive polyselenophene core and those of related materials is also currently 

underway. 

Experimental Section 

General Considerations 

All reactions were carried out on a Schlenk line or in an MBraun glovebox under a purified 

nitrogen atmosphere unless otherwise stated. 2,5-Dibromo-3-decylselenophene has 

previously been characterized by the Heeney group and was synthesized using a modified 

method reported by Seferos and coworkers.51–53 [1,3-bis(diphenylphosphino)propane] 

dichloronickel (Ni(dppp)Cl2), isopropylmagnesium chloride lithium chloride complex 

(iPrMgCl.LiCl, 1.3 M in THF), ethynylmagnesium bromide (0.5 M in THF), styrene, 
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hexamethylcyclotrisiloxane (D3), (bromomethyl)chlorodimethylsilane, tetra-n-

butylammonium bromide ([nBu4NBr]), sodium azide (NaN3), N,N,N’,N”,N”-

pentamethyldiethylenetriamine (PMDETA) and copper(I)bromide (CuBr) were purchased 

from Sigma Aldrich. All reagents were used as received unless otherwise stated. 

Tetrahydrofuran (THF) was purified by using alumina/copper catalyst drying deoxygenation 

columns from Anhydrous Engineering Inc. before use. Styrene was dried over CaH2, distilled 

under reduced pressure and stored in the glovebox freezer at -40 °C prior to use. 

(Bromomethyl)chlorodimethylsilane was distilled prior to use. D3 was dissolved in pentane, 

dried over CaH2 for 18 h before the solvent was removed under static vacuum. D3 was 

obtained by sublimation at room temperature (23 °C) under static vacuum and stored at -40 

°C in the glovebox freezer. For the anionic polymerization of styrene and D3, THF was 

distilled from Na/benzophenone immediately prior to use.  

1H-NMR spectra were obtained on a Varian 400 (1H: 400 MHz) instrument at room 

temperature (23 °C) and referenced to residual solvent peaks in CDCl3. Multi detection gel 

permeation chromatography (GPC) measurements were carried out at 35 °C at a flow rate of 

1.0 mL min-1 in THF eluent on a Viscotek GPCmax equipped with both a UV-vis detector 

operating at 450 nm and differential refractometer. Samples were dissolved in THF (1.00 

mg/mL unless otherwise stated) and filtered with a Ministart SRP 15 filters (pore size 0.45 

µm) prior to analysis. Matrix-assisted laser desorption ionisation time-of-flight (MALDI-

TOF) mass spectrometry measurements of homopolymers were performed using a Bruker 

Ultraflextreme operating in linear mode. Samples were prepared using a trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile matrix (75 mg/mL in CHCl3) and the 

polymer sample (5 mg/mL in CHCl3), mixed in a 10:1 (v/v) ratio. Approximately 1 µL of the 

mixed solution was deposited onto a stainless steel sample plate and allowed to dry in air. Mw 

and Mn values were extracted from the MALDI-TOF spectra using PolyTools software. 
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Transmission electron microscopy (TEM) was performed on a Jeol JEM 1200 EX 

microscope operating at 120 kV, equipped with a SIS MegaView III digital camera. Samples 

were prepared by drop-casting aliquots (ca. 10 μL) of the solutions onto carbon-coated 

copper grids which were placed on a piece of filter paper to absorb excess solvent. TEM 

images were analysed using ImageJ: 200-250 micelles were traced by hand to determine the 

contour lengths and from this data, number-averaged contour lengths (Ln) and length-

averaged contour lengths (Lw) were determined from Equations (1) and (2). The distribution 

of micelle lengths is characterized by Lw/Ln. 

 𝐿𝑛 =  
∑ 𝑁𝑖𝐿𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

          (1) 

𝐿𝑤 =  
∑ 𝑁𝑖𝐿𝑖

2𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1 𝐿𝑖

                   (2) 

Wide-angle X-Ray scattering (WAXS) experiments were carried out on a D8 Advance 

diffractometer fitted with an 0.6 mm fixed divergence slit, knife-edge collimator and a 

LynxEye area detector using CuKα (λ = 1.54 Å). Samples were prepared by drop-casting 

solutions onto a silicon wafer prior to analysis. UV-vis spectra were obtained on a Shimadzu 

UV-2600 UV-vis spectrophotometer with an ISR-2600 integrating sphere attachment over a 

wavelength range of 300-1000 nm.  

Ethynyl-capped P3DSe17 

2,5-dibromo-3-decylselenophene (1.00 g, 2.33 mmol) was dissolved in anhydrous THF (150 

mL) in a 250 mL Schlenk flask equipped with a magnetic follower and cooled to 0 °C in an 

ice bath. iPrMgCl.LiCl complex (1.80 mL, 2.33 mmol, 1.3 M in THF) was added dropwise to 

the rapidly stirring solution and the GRIM reaction was left to proceed for 1 h before 

warming to room temperature (23 °C). Ni(dppp)Cl2 (50.0 mg, 93.2 µmol, 4.00 mol %) was 
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added in one portion and polymerization, marked by a colour change from pale yellow to 

dark red, was allowed to proceed for 10 min before quenching with ethynylmagnesium 

bromide (ca 1.5 mL, 0.5 M in THF). The reaction mixture was stirred for 10 min before 

precipitation into MeOH (ca. 800 mL). The crude polymer mixture was isolated by pouring 

the suspension through a Soxhlet thimble. The polymer was purified by Soxhlet extractions in 

MeOH (18 h) and n-hexane (3 washes) before extraction into CHCl3 (18 h). The solvent was 

removed in vacuo yielding P3DSe as a dark-purple solid (195 mg, 31 %). Mn and degree of 

end-capping were determined by MALDI-TOF: Mn = 4600 g mol-1
. Ð = 1.06 (GPC). 

1H-

NMR (400 MHz, CDCl3) ppm δ = 7.11 (br s, aromatic, 1H), 3.49 (s, alkyne), 2.73 (t, J = 7 

Hz, methylene, 2H), 1.66-1.28 (m, alkyl, 16H), 0.88 (t, J = 7 Hz, terminal alkyl, 3H).  

Bromo-terminated polydimethylsiloxane (PDMS) 

Hexamethylcyclotrisiloxane (1.00 g, 4.50 mmol) was dissolved in freshly distilled THF (10 

mL) in a 50 mL greaseless Schlenk flask equipped with a magnetic follower. The solution 

was cooled to -10 °C in the glovebox. The solution was stirred rapidly and nBuLi (34 µL, 

0.054 mmol, 1.6 M in n-hexane) was added in one portion. Polymerization was allowed to 

proceed for 18 h after which time the flask was transferred to a Schlenk line and quenched 

with (bromomethyl)chlorodimethylsilane (several drops transferred via canula). The bromo-

terminated polymer was precipitated once into a 1:10 (v/v) Et3N:MeOH mixture and twice 

into MeOH. The final product was isolated as a clear liquid by centrifugation. Yield = 920 

mg, 92 %. Molecular weight was established from 1H-NMR integration of the bromomethyl 

proton peak (δ = 2.43 ppm) and n-butyl proton peaks (δ = 1.32, 0.88 and 0.53 ppm) against 

the siloxane methyl group proton peaks (δ = 0.08 ppm, Mn = 18,900 DPn = 240). 1H-NMR 

(400 MHz, CDCl3) ppm δ = 2.43 (s, bromo methyl, 2H), 1.31 (m, n-butyl, 4H), 0.88 (t, J = 7 

Hz, n-butyl, 3H), 0.53 (t, J = 9 Hz, n-butyl, 2H) and 0.08 (br s, silyl methyl, 1440H). 
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Azido-PDMS 

Bromo-terminated PDMS240 (920 mg, 0.049 mmol) was dissolved in bench THF (10 mL) in a 

50 mL greaseless Schlenk flask equipped with a magnetic stirrer bar. NaN3 (32.5 mg, 0.50 

mmol) and tetrabutylammonium bromide (161 mg, 0.50 mmol) were added and the reaction 

mixture was stirred at 50 °C for 48 h. Azide-terminated PDMS240 was isolated as a clear 

liquid by precipitation into MeOH and centrifugation (3 times). Yield = 890 mg, 97 %. 1H-

NMR (400 MHz, CDCl3) ppm δ = 2.74 (s, azido methyl, 2H), 1.31 (m, n-butyl, 4H), 0.88 (t, 

(m, J = 7 Hz, n-butyl, 3H), 0.53 (t, J = 9 Hz, n-butyl, 2H) and 0.08 (br s, silyl methyl, 

1400H). 

 

P3DSe17-b-PDMS240 

Ethynyl-capped P3DSe17 (15.0 mg, 3.20 µmol) and azide-terminated PDMS240 (50.0 mg, 2.70 

µmol) were dissolved in dry THF (3 mL) in a 50 mL greaseless Schlenk flask equipped with 

a magnetic stirrer bar. PMDETA (15 µL, 0.0001 mmol) was added and the solution was 

freeze-pump-thawed in liquid N2 for 3 cycles, allowed to warm to room temperature (23 °C) 

and transferred to an Argon-filled glovebox. CuBr (ca. 10 mg) was added and the flask was 

transferred back to the Schlenk line. The reaction was allowed to proceed at 50 °C for 48 h 

after which time the solution was filtered through basic alumina. The crude BCP was isolated 

by precipitation into MeOH (3 times). The P3DSe17-b-PDMS240 BCP was isolated as a purple 

solid after SEC purification. Yield = 15.0 mg, 23 %. 1H-NMR (400 MHz, CDCl3) ppm δ = 

7.11 (br s, selenophene aromatic), 2.74 (t, J = 7 Hz, selenophene methylene), 1.66-1.28 (m, 

selenophene alkyl), 0.88 (t, J = 7 Hz, selenophene terminal alkyl), 0.08 (br s, silyl methyl). Ð 

(GPC) = 1.04. The degree of polymerization of the P3DSe block was determined by MALDI-
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TOF (Figure S2) and that of the PDMS block was determined by integration of the n-butyl 

proton peaks against the methyl proton peaks (Figure S4). 

Bromo-terminated polystyrene (PS) 

Sec-BuLi (75 μl, 1.05x10-4
 mol) (1.4 M in cyclohexane) was added via micro syringe to a 

rapidly stirring solution of styrene (1.42 g, 13.7 mol) in cyclohexane (8 mL). After 90 mins, a 

solution of diphenylethene (28 mg, 0.158 mmol) in THF (8 mL) was added to the reaction 

mixture. The reaction was then cooled to -78 °C and the living polymer was quenched by 

dropping slowly into a solution of dibromopropane (211 mg, 1.05 mmol) in THF (8 mL). The 

product was isolated as a white powder by precipitation from THF into MeOH (3 times). 

Yield: 1.34 g (94 %). Mn 14,380 Da, Mw 16,300 Da, Ð = 1.13 (GPC). 1H-NMR (400 MHz, 

CDCl3) ppm δ = 7.09 (m, meta- and para-, 3H), 6.58 (m, ortho-, 2H), 1.86 (m, -CH2, 1H) and 

1.43 (m, -CH, 1H). 

Azido-Terminated PS 

Bromo-capped polystyrene (1.34 g, 0.088 mmol), NaN3 (0.11 g, 1.75 mmol) and 

tetrabutylammonium bromide (0.56g 1.75 mmol) were dissolved in THF (8 mL) and stirred 

for 2 days at 40 °C. The product was precipitated from THF into MeOH (3 times). Yield: 

1.26 g (94 %). Mn 15,070 Da, Mw 17,040 Da, Ð = 1.13 (GPC). 1H-NMR (400 MHz, CDCl3) 

ppm δ = 7.09 (m, meta- and para-, 3H), 6.58 (m, ortho-, 2H), 1.86 (m, -CH2, 1H) and 1.43 

(m, -CH, 1H). 

P3DSe17-b-PS140 

Alkyne-capped polyselenophene (30 mg, 0.007 mol) and azido-capped polystyrene (120 mg, 

0.008 mol) and PMDETA (7.47 μl , 0.014 mol) were dissolved in THF. 3 freeze-pump-thaw 

cycles were used to degas the solvent before CuBr (ca. 10 mg) was added. The reaction was 

allowed to stir for 2 days at 40 °C before being passed through a plug of basic alumina to 
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remove the copper salts. The material was precipitated from THF into MeOH 3 times before 

unreacted homopolymers were removed by sequential SEC columns. Mn 24,080 Da, Mw 

27,070 Da, Ð =1.12 (GPC). 1H-NMR (400 MHz, CDCl3) ppm δ = 7.08 (m, selenophene 

aromatic and meta- and para-), 6.57 (m, ortho-), 2.73 (t, J = 7 Hz, selenophene methylene), 

1.84 (m, styrene CH2), 1.42 (m, styrene -CH), 1.28 (m, selenophene alkyl) and 0.88 (t, J = 7 

Hz, selenophene terminal alkyl). 

Seeded-growth of P3DSe17-b-PDMS240 from sonicated seeds in EtOAc 

The long (> 1 µm) P3DSe17-b-PDMS240 micelles were prepared by suspending the BCP in 

EtOAc (0.5 mg/mL) in a sealed vial and heating the solution to 70 °C in a heating block for 1 

h before cooling slowly (ca. 1 °C min-1) to room temperature (23 °C). The micelle solution 

was aged for 24 h before drop-casting an aliquot onto a carbon-coated copper grid for TEM 

analysis. Short (ca. 20 nm) P3DSe17-b-PDMS240 seeds were prepared from the long micelles 

(0.5 mg/mL in EtOAc) by subjecting the solution to ultrasonication in a cleaning bath for 1 h 

at 0 °C. The sample was immediately drop-cast onto a carbon-coated copper grid for TEM 

analysis. Seeded-growth was performed by diluting aliquots of the seeds in EtOAc (25 µL) 

with various volumes of EtOAc to give micelle solutions of consistent concentrations in 

EtOAc (0.5 mg/mL) after unimer addition. P3DSe17-b-PDMS240 unimer was added in THF 

(munimer/mseed = 1 to 16, 1 mg/mL) to the seeds in EtOAc. The seeded-growth solutions were 

aged overnight prior to drop-casting aliquots onto carbon-coated copper grids for TEM 

analysis. 

Self-assembly of P3DSe17-b-PDMS240 in Et2O 

P3DSe17-b-PDMS240 BCP (0.25 mg) was suspended in Et2O (0.5 mL) at room temperature 

(23 °C). The resulting mixture was left to stand for 24 h at room temperature without stirring. 

TEM analysis showed the formation of short, low dispersity fibers (Ln = 41 nm, Lw/Ln = 1.16) 
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which were subsequently used as seeds for living CDSA. The Ln values for the seeds obtained 

via this method were typically in the range of 30 – 60 nm with Lw/Ln < 1.20. 

Seeded growth of P3DSe17-b-PDMS240 in EtOAc using seeds formed in Et2O  

To four separate 1.5 mL screw cap vials was added 20 µL of a 0.5 mg/mL solution of seed 

micelles (10 µg, Ln = 41 nm, Lw/Ln = 1.16) and varying amounts of EtOAc (0.2-1.0 mL) and 

THF (25-0 µL) in order to adjust the THF content to 20% (v/v). To these solutions was added 

25 µg, 75 µg, 150 µg, and 250 µg of P3DSe17-b-PDMS240 BCP dissolved in THF (1 mg/mL). 

After shaking the vial for 5 s, the solutions were aged for 48 h at room temperature (23  °C ). 

Multiple TEM images were obtained and the contour lengths of 200 – 250 micelles were 

measured.  

Preparation of B-A-B block co-micelles 

To a 1.5 mL screw cap vials was added 100 µL of a 0.22 mg/mL solution of P3DSe17-b-

PDMS240 fibers (22 µg, Ln = 389 nm, Lw/Ln = 1.10) in EtOAc containing 20% THF. To this 

solution was added EtOAc (88 µL) followed by 22 µg of P3DSe17-b-PS140 dissolved in THF 

(1 mg/mL). After agitating the vial for 5 s, the solutions were aged for 48 h at 23 ̊C. 
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