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Abstract. 

Crystalline poly(3-alkylthiophene) (P3AT) nanofibers are promising materials for a myriad of device 

applications but nanofiber length control and colloidal stability are difficult to achieve. We report an in 

depth study of the solution self-assembly of regioregular poly(3-octylthiophene)-b-

poly(dimethylsiloxane) (P3OT-b-PDMS) diblock copolymers with a crystallizable p-conjugated core-

forming block. Use of “living” crystallization-driven self-assembly (CDSA) seeded-growth method in 

solvents selective for PDMS allowed access to relatively low length dispersity, colloidally stable P3OT-

b-PDMS fiber-like micelles with a crystalline, tape-like P3OT core and a PDMS corona and lengths up 

to ca. 600 nm under optimised conditions. Significantly, the presence of a small percentage of common 

solvent and the use of slightly elevated temperature (35°C) was found to enhance the length control. 

Analogous studies for P3OT-b-PS (PS = polystyrene) suggest that solvent composition and temperature 

represent key parameters for the general optimisation of fiber formation by living CDSA for P3AT block 

copolymers. 
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Introduction 

One-dimensional (1D) nanofibers composed of π-conjugated, semiconducting homopolymers are 

currently of major interest as active components of devices, for example as solution-processable 

components for organic photovoltaics due to their high carrier mobility. In particular, regioregular 

poly(3-alkylthiophene)s (P3ATs), such as poly(3-hexylthiophene) (P3HT), are promising as they 

possess desirable optoelectronic properties.1-7 An essential parameter for high performance photovoltaic 

devices is a high hole mobility, which is provided by crystalline P3AT nanofibers.3, 4, 8 Further 

applications as emissive and conductive nanowires with a, crystalline, π-conjugated nanofiber core have 

also been reported.6, 9 However, the lack of colloidal stability complicates solution processing and the 

near absence of fiber length control hinders device optimisation. 

The solution self-assembly of block copolymers (BCPs) in block selective solvents is a versatile route 

to core-shell micellar nanoparticles with different morphologies, such as spheres, cylinders or fibers, 

and vesicles.10-22 Until recently, the vast majority of studies focused on the use of core-forming blocks 

that were amorphous and in such cases fiber-like structures comprise only a very restricted region of the 

phase space, and are often mixed with other morphologies. In addition, no access to samples with 

controlled lengths and low length polydispersities was possible. Recent work has shown that the 

presence of a crystalline core generally promotes the formation of micelles with low interfacial curvature 

such as 1D fibers or 2D platelets. For example, BCPs with a crystallizable 

poly(ferrocenyldimethylsilane)23 core-forming block form fiber-like micelles for a range of block ratios 

from 1:3 to 1:20.23, 24 The formation of fiber-like micelles with crystalline cores has also been achieved 

for other BCPs with crystallisable core-forming blocks, such as PE,25-28 PEO,29 polycaprolactone,30-32 

poly(L-lactic acid),33-38 poly(3-hexylthiophene),39-45 poly(3-heptylselenophene),46 oligo- and 

poly(phenylene-vinylene),47-49 and poly(dialkylfluorene).50-52 Moreover, in an expanding number of 

cases the formation of low dispersity 1D fibers with length control can be achieved by a method termed 

“living” crystallization-driven self-assembly (CDSA). This seeded growth method relies on the 

formation of small seed micelles by sonication of long polydisperse fibers.53 Addition of BCP unimer 

(molecularly dissolved block copolymer) then leads to epitaxial growth from the seed termini. The 

increase in micelle length can result in structures with lengths of over 2 microns and is dependent on the 
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seed-to-unimer ratio. Furthermore, the samples are monodisperse in length and the process in many 

regards is analogous to a living covalent polymerization of molecular monomers.53-56 An alternative 

approach to the generation of seed micelles is termed “self-seeding” and involves the partial dissolution 

of fiber-like micelles due to the presence of crystallites of different sizes in the core. This can either be 

achieved thermally or by the use of media containing significant amounts (e.g. between 10 and 17 % by 

volume) of a common solvent for both blocks. On cooling, or on evaporation of the common solvent, 

the released unimer will then add to the remaining seeds.57, 58 Micelle length control is possible using 

the self-seeding approach, but thermal processing requires the generation of a calibration curve that is 

dependent on the micelle sample history as this can influence the crystallinity of the core. Living CDSA 

has permitted the fabrication of monodisperse fibers that form lyotropic liquid crystalline phases,59, 60 

and via the sequential addition of different BCP unimers, segmented 1D block comicelles,54, 61 including 

amphiphilic examples62 and spatially distinct regions of hydrogen-bonding donors and acceptors that 

hierarchically self-assemble into supermicelles.63, 64 Moreover, the living CDSA, seeded growth 

approach has been extended beyond crystallizable BCPs25, 34, 48, 49, 65, 66 to crystallisable homopolymers 

with charged termini67, 68 and to molecular species69-76 that form stacked structures by - or hydrogen 

bonding interactions, and also to 2 dimensions to yield platelet micelles with controlled dimensions and 

complexity.32, 77-79 

The solution self-assembly of P3AT-containing diblock copolymers (diBCPs) has attracted considerable 

attention as a method by which to prepare colloidally stable functional nanoparticles. The formation of 

various micellar morphologies, such as spheres,44, 80, 81 fibers,41, 43, 44 vesicles,81 and helical structures45 

has been reported, in addition to hierarchical structures such as bundles and branched superstructures,43 

stars and networks,82 and coaxial hybrid nanowires containing quantum dots.83 In order to transpose the 

fiber length and architectural control characteristic of the living CDSA method to P3AT BCPs we have 

explored the seeded growth of fiber-like micelles with a crystalline, π-conjugated P3HT core. Although 

addition of P3HT-b-PDMS (block ratio 1:11, PDMS = poly(dimethylsiloxane)) to small (Ln = 38 nm) 

seed micelles created by the sonication of preformed polydisperse fibers formed from the same BCP led 

to growth, this was limited to a maximum length of only ca. 250 nm, and was characterised by very 

inefficient uptake at the seed termini.41 Studies of P3HT-b-PMMA (PMMA = 
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poly(methylmethacrylate)) highlighted the issue of facile spontaneous (homogeneous) nucleation for 

P3HT BCPs, which generates new micelles, and can compete with seeded growth.40 Improved results 

were obtained for the seeded growth of P3HT-b-P2VP (P2VP = poly(2-vinylpyridine)) with much 

higher unimer uptake and access to fibers of length up to ca. 300 nm and with low length polydispersities 

of < 1.11. However, attempts to form longer fibers were unsuccessful, and it appears that the rapid 

crystallization of P3HT can introduce defects in the micelle core that reduce and ultimately prevent 

epitaxial growth from the termini. This was supported by the successful formation of P3HT-b-PS fibers 

with length up to 700 nm by thermal self-seeding at 55 – 65°C, where the ability for the core to 

reorganize and lower the number of defects by annealing was proposed.42 Moreover, the resulting fibers 

were active to further growth allowing access to block comicelles via the addition of P3HT-b-PDMS.42 

Thermal self-seeding has also recently been used to access uniform P3HT BCP nanofibers with lengths 

up to ca. 1 m with applications in field effect transistors.84, 85 

In this study, we return to the seeded growth approach because of the ease of implementation and report 

detailed studies of BCPs with a different crystallisable P3AT core-forming block, poly(3-

octylthiophene) (P3OT). The increased side chain length was adopted in an attempt to increase solubility 

and to slow down the face-to-face packing during the solution self-assembly, which is driven through 

intermolecular π-π interactions.86-88 Such a reduction in the crystallization rate might be anticipated to 

reduce the formation of defects in the crystalline core thereby increasing the efficiency of seeded growth. 

Specifically, we describe the synthesis, characterization, solution self-assembly, and seeded growth of 

P3OT-b-PDMS diBCPs with different block ratios (1:0.5, 1:2, and 1:5). We have optimized this system 

using key principles emerging from previous self-assembly studies for P3HT BCPs, such as the 

advantage of the presence of common solvent to suppress competition from homogenous nucleation 

during seeded growth.39, 40 Furthermore, we have identified the important role of a slightly elevated 

temperature in facilitating living CDSA for these materials.89 Finally, we have applied our findings to 

P3OT-b-PS diBCPs, revealing that the presence of common solvent and slightly elevated temperature 

provides a general strategy for improved seeded growth of P3AT BCPs. 
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Results and Discussion 

1. Synthesis and structural characterization of P3OT-b-PDMS diblock copolymers. A series of 

P3OT-b-PDMS diBCPs with different block length ratios, but with the P3OT block length constant were 

synthesized (block ratios of ca. P3OT:PDMS = 1:0.5, 1:2, and 1:5). These materials were prepared by 

Cu-catalyzed azide-alkyne cycloaddition reactions of alkyne-terminated P3OT and azide-terminated 

PDMS homopolymers, both synthesized in previous steps (see Scheme 1, for characterization data, see 

the supporting information).  

 

Scheme 1. Synthesis of P3OT-b-PDMS. 

 

 

The regioregular alkyne-terminated P3OT block was synthesized via the Grignard metathesis route 

according to previous methods,90-92 using ethynylmagnesium bromide to quench the chain growth 

polymerization. The molecular structure of the alkyne-end functionalized P3OT homopolymer was 

characterized by 1H NMR spectroscopy (see Figure S1 in the Supporting Information (SI)). The number-

average molar mass Mn of the P3OT homopolymers was found to be 5200 g mol-1 by matrix-assisted 

laser desorption/ionisation - time of flight (MALDI-TOF) mass spectroscopy, corresponding to a 

number-average degree of polymerization, DPn, of 26. The polydispersity (PDI = Mw/Mn) of the P3OT 

homopolymer was determined by gel permeation chromatography (GPC) (PDI = 1.07). The percentage 

of mono-capped alkyne end-functionalization was 76%, as determined by MALDI-TOF mass 

spectroscopy.  

The azide-terminated PDMS blocks were synthesized in two steps as reported previously.93 The anionic 

polymerization of hexamethylcyclotrisiloxane was initiated with n-butyl lithium and terminated with 

(bromomethyl)chlorodimethylsilane, followed by azide functionalisation of the bromo-terminated 

PDMS chain ends with sodium azide. The PDMS homopolymers were characterized by 1H NMR 

spectroscopy and GPC. Subsequently, P3OT-b-PDMS diBCPs with different block length ratios were 
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obtained via Cu-catalyzed azide-alkyne cycloaddition (see Scheme 1: P3OT26-b-PDMS12, P3OT26-b-

PDMS50, P3OT26-b-PDMS138, where the subscripts specify the number-average degree of 

polymerization), purified from homopolymer contaminants by repeated preparative size exclusion 

chromatography, and isolated by precipitation into methanol. The purple diBCPs, which were solid in 

the case of 32 and 66 mol% PDMS content (P3OT26-b-PDMS12 and P3OT26-b-PDMS50), and soft gums 

in the case of 84 mol% PDMS content (P3OT26-b-PDMS138), were obtained in an isolated yield of max. 

33%. The block ratios of the P3OT-b-PDMS diBCPs were determined by 1H NMR spectroscopy and 

the polydispersity indices, by GPC (see Table 1, NMR spectra in Figure S2-S4, and GPC profiles in 

Figure S5 in the SI). 

 

Table 1. Number-average molecular weights (Mn) and polydispersity indices (PDI) of P3OT 

homopolymer and P3OT-b-PDMS diblock copolymers.  

 Block length ratioa Mn [g mol-1]b PDI (Mw/Mn)c 

P3OT26 - 5,200 1.07 

P3OT26-b-PDMS12 1 : 0.5 6,100 1.19 

P3OT26-b-PDMS50 1 : 2 8,800 1.15 

P3OT26-b-PDMS138 1 : 5 15,500 1.11 
aFrom 1H NMR spectroscopy. bThe molar mass (Mn

 ) of P3OT homopolymer was determined from 

MALDI-TOF mass spectroscopy and Mn of the diblock copolymers by combining Mn of the P3OT block 

obtained by MALDI-TOF mass spectroscopy and the block length ratio obtained by 1H NMR 

spectroscopy. cFrom GPC analysis relative to polystyrene standards.  

 

 

2. Characterization of π-conjugation and crystallinity of P3OT-b-PDMS diblock copolymers in 

the bulk state. The degree of π-conjugation and crystallization of the P3OT block of the diBCPs was 

studied by UV/Vis spectroscopy, wide angle X-ray scattering (WAXS), and differential scanning 

calorimetry (DSC). The solution-state UV/Vis spectra of the yellow P3OT-b-PDMS solutions in THF 

all exhibit an absorption maximum for π-π* transitions at ca. 445 nm, suggesting a similar conjugation 

length in these diBCPs (see representative UV/Vis spectra of molecularly dissolved P3OT26-b-PDMS50 

in Figure 1c as well as UV/Vis spectra of P3OT26-b-PDMS12 and P3OT26-b-PDMS138 in Figure S6).94 

An absorption maximum at this wavelength is characteristic of regioregular P3OT.95-97 WAXS was 

performed on films cast from concentrated THF solutions of the diBCPs (see representative WAXS 
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patterns in Figure S7). The WAXS patterns exhibited the characteristic peaks at 2θ = 4.4° for the (100) 

reflection (d ~ 20.1 Å) and 2θ = 8.6-9.3° for the (200) reflection (d ~ 9.5-10.3 Å) which correspond to 

the reported interlayer d spacing and three-dimensional packing of regioregular P3OT.95, 98 The (300) 

reflections, however, were obscured in both patterns due to the broad peak at 2θ = 12.4° which 

corresponds to the PDMS block, as has previously been observed in WAXS studies of P3HT-b-PDMS 

diBCPs.41 The weak diffraction peak at 2θ = 23.4-23.7° corresponds to a d spacing of 3.8 Å and was 

assigned to the stacking distance of thiophene rings between two polymer chains. This indicates that the 

regioregular P3OT chains self-organize into a 3D structure comprised of crystalline lamellar ordering.95 

The crystallization of the P3OT block was further investigated by DSC and is discussed in Figure S8 

(see SI). The DSC measurements confirmed that the diBCPs possess a regioregular, semicrystalline 

P3OT block and revealed that their crystallization behaviour is only slightly influenced by the length of 

the PDMS coblock.  

 

 

3. Solution self-assembly of P3OT-b-PDMS; formation of polydisperse, multi-micron-long fibers. 

The solution self-assembly of P3OT-b-PDMS diBCPs with three different P3OT/PDMS block ratios of 

1:0.5 (P3OT26-b-PDMS12,), 1:2 (P3OT26-b-PDMS50), and 1:5 (P3OT26-b-PDMS138, see Table 1) was 

studied by heating a preweighed amount of the respective diBCP in decane (a selective solvent for 

PDMS) to 100°C for 2 h, followed by slowly cooling the solution to room temperature and aging for 

several days. Upon heating to 100°C, the polymer dissolved and the solution became yellow to yellow-

orange. After cooling the solution to room temperature and aging, the polymer dispersion turned purple.  

For analysis by bright field transmission electron microscopy (TEM) an aliquot of the polymer solution 

was drop cast onto a carbon-coated copper TEM grid and the solvent was allowed to evaporate at room 

temperature before imaging. The formation of fiber-like micelles was observed and, due to the dense 

packing of the P3OT chains, the micelle cores appear dark in bright field TEM images even in the 

absence of staining. P3OT26-b-PDMS50 and P3OT26-b-PDMS138 with block length ratios of 1:2 and 1:5, 

respectively, formed fiber-like micelles up to a few microns in length (see Figure S9a and S9b). For 

P3OT26-b-PDMS12, with a block length ratio of 1:0.5, the formation of fiber-like micelles with lengths 
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up to a few micrometers was also observed but these formed aggregates on the carbon coated TEM grids 

and the dimensions of individual micelles could not be determined (see Figure S9c). In addition, P3OT26-

b-PDMS12 diBCP micelles tend to precipitate after ca. 4-5 months, although these are redispersible on 

shaking. This lack of long term colloidal stability was not observed for P3OT26-b-PDMS50 and P3OT26-

b-PDMS138 diBCP micelle solutions in decane, which were found to be colloidally stable for >5 months 

in the same solvent without any signs of precipitation. This suggests that the shorter PDMS block length 

of the P3OT26-b-PDMS12 diBCP is not sufficient to stabilize the polymer fibers against aggregation. 

Since a statistical analysis of P3OT26-b-PDMS12 micelle lengths by TEM was not possible due to severe 

micelle aggregation, we focused on studying the growth of fiber-like micelles that formed from P3OT26-

b-PDMS50 and P3OT26-b-PDMS138 diBCPs.  

The structural features of the fiber-like micelles were probed for the case of the P3OT26-b-PDMS50 

diBCP. TEM analysis of these fiber-like micelles revealed uniform widths of ca. 13 ± 2 nm (see Figure 

S10). The width agrees with the theoretically expected width of 10.4 nm for a core structure consisting 

of fully extended P3OT26 chains (length of monomer unit = 0.4 nm).43, 99 This is consistent with previous 

work on P3AT homopolymers where it has been shown that polymers with a degree of polymerization 

DPn < 60 form nanofiber cores consisting of fully extended chains.100, 101 The P3AT chains pack in a 

face-to-face fashion, perpendicular to the growing direction of the polymer fiber through intermolecular 

π-π interactions.86-88, 102 The height of the P3OT26-b-PDMS50 micelles was found to be ca. 3.7 nm by 

AFM (see representative AFM height image of P3OT26-b-PDMS50 micelles and corresponding height 

profiles in Figure 1a and b, as well as Figure S11) and suggested an overall tape-like shape for the P3OT 

cores. As a d spacing of 1.86 nm has been found for crystalline P3OT domains,103 the P3OT-b-PDMS 

micelles consist of 2 vertical stacks of the diBCP (see Figure 2). 
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Figure 1. (a) AFM height image of polydisperse, multi-micron-long fiber-like P3OT26-b-PDMS50 

micelles drop-cast from decane and dried for 1 day. (b) Representative height profiles of P3OT26-b-

PDMS50 micelles taken from the blue and the red circles in the AFM height image (a). Further height 

profiles are illustrated in Figure S11 in the SI. (c) Solution-state UV/Vis spectra of P3OT26-b-PDMS50 

unimers (0.1 mg mL-1 in THF, black) and micelles (0.1 mg mL-1 in decane, red); (d) Solution PL spectra 

of P3OT26-b-PDMS50 unimers (0.3 mg mL-1 in THF, black) and micelles (0.3 mg mL-1 in decane, red). 

 

Figure 2. Schematic representation of a cross-section of the crystalline P3OT-b-PDMS micelle core 

which exhibits a tape-like shape. 
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The crystallinity of the P3OT core in the fiber-like micelles was investigated by UV/Vis spectroscopy, 

photoluminescence (PL) spectroscopy and WAXS. As these results do not differ significantly for the 

studied diBCPs, only results obtained for P3OT26-b-PDMS50 are shown (see Figure S6 for more details 

on P3OT26-b-PDMS12 and P3OT26-b-PDMS138 diBCPs). A representative UV/Vis spectrum of the 

P3OT26-b-PDMS50 micelle solution in decane is shown in Figure 1c. The spectrum exhibits an 

absorption maximum at 518 nm, which is significantly red-shifted compared to the corresponding diBCP 

solution in THF (λmax = 445 nm). The absorption band at ca. 600 nm suggests a crystalline ordering in 

the P3OT core, which results from strong intermolecular interactions among P3OT chains.104 

Representative photoluminescence (PL) spectra of a P3OT26-b-PDMS50 unimer solution in THF and a 

micelle solution in decane, both at the same concentration, reveals a negligible emission intensity for 

the latter compared to the former (Figure 1d). This behaviour is well known for micelles formed from 

P3HT-containing diBCPs,39, 41, 42 and indicates fluorescence quenching due to aggregation of 

polythiophene chains.105 The absence of a peak at ca. 445 nm in the UV/Vis spectrum of the micelle 

solution and the significant reduction of the emission intensity observed for the micelle solution 

compared to the unimer solution indicate that no significant amounts of molecularly dissolved unimer 

remain in solution.  

The crystallinity of the P3OT micellar cores was also studied by WAXS analysis. A representative 

WAXS pattern of a P3OT26-b-PDMS50 micelle film cast from a micelle solution in decane is illustrated 

in Figure S12. The WAXS pattern is similar to that observed for the corresponding P3OT26-b-PDMS50 

diBCP film cast from the polymer solution in THF (see Figure S7). Both WAXS patterns exhibit the 

characteristic peaks at 2θ = 4.4° for the (100) reflection (d ~ 20.1 Å) and 2θ = 8.6° for the (200) reflection 

(d ~ 10.3 Å) corresponding to the three-dimensional packing of the regioregular P3OT polymer chains. 

This indicates that the fiber-like micelles consist of crystalline cores as suggested by the UV/Vis data.95, 

98 Similar to the WAXS pattern for the diBCP film cast from the polymer solution in THF, the (300) 

reflection for the micelle film was obscured due to the broad peak at 2θ = 12.4° which corresponds to 

an amorphous halo for the PDMS block. The WAXS pattern collected from a P3OT26-b-PDMS12 micelle 

film, however, does not exhibit a broad and intense PDMS peak at 2θ = 12.4° and the (300) reflection 

at 2θ = 13.6° (d ~ 6.5 Å) is clearly visible (see Figure S12). 
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4. Living CDSA of P3OT26-b-PDMS50 and P3OT26-b-PDMS138. Seed micelles of P3OT-b-PDMS 

were prepared from solutions of the polydisperse, multi-micrometer long fiber-like P3OT26-b-PDMS50 

and P3OT26-b-PDMS138 micelles in decane described in the previous section by sonication. Moderate 

sonication (160 W) in a water bath at 22°C for 30 min led to the formation of relatively small seed 

micelles with average contour lengths of ca. 80 nm in each case (see Figure S13) following a previous 

protocol.42 Initial seeded growth experiments were conducted by addition of P3OT-b-PDMS unimers as 

10 mg mL-1 THF solutions corresponding to a unimer-to-mass ratio of 2.5 to the seed micelles (see 

Scheme 2). Aliquots were taken after aging the solutions for 24 h and were imaged by TEM in the dry 

state. 

 

Scheme 2. Schematic illustration of the living CDSA of P3OT-b-PDMS diblock copolymers. 

 

 

Both sets of seed micelles derived from the P3OT-b-PDMS BCPs were found to function as efficient 

initiators for CDSA. After addition of P3OT26-b-PDMS50 or P3OT26-b-PDMS138 unimers (in THF) to a 

seed solution (in decane), fiber-like micelles with a number-average length Ln of 282 nm (PDI = 1.12) 

and 241 nm (PDI = 1.24) were formed (see Figure S14). The Ln of these fiber-like micelles was ca. 98% 

(P3OT26-b-PDMS50) and 89% (P3OT26-b-PDMS138) of the theoretically predicted micelle length (Ln = 

287 nm for P3OT26-b-PDMS50 and Ln = 270 nm for P3OT26-b-PDMS138). This indicates a near 

quantitative conversion of the added unimer into the micelles for both diBCPs and is consistent with a 

living CDSA process. The calculation of theoretically predicted micelle length was based on the added 

BCP unimer to seed mass ratio and assumes quantitative conversion to active seeds by sonication, 

complete addition of unimer, a constant linear aggregation number of BCP molecules for the grown 
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micelles, and the absence of micelle growth termination events. The concentration of THF, a common 

solvent for both blocks of P3OT-b-PDMS, was kept well below 1% and thus highly disfavouring the 

dissolution of the initial seed crystals.  

Encouraged by these initial results, seeded growth was investigated in more detail, focusing on the 

P3OT26-b-PDMS50 diBCP as this material showed a higher efficiency for living CDSA, leading to 

micelles with a length closer to that predicted theoretically and a lower length polydispersity. To this 

end, short stub-like seed micelles composed of P3OT26-b-PDMS50 with an average contour length of 36 

nm (PDI = 1.14) by TEM were prepared by applying more vigorous sonication using a 100 W ultrasonic 

processor equipped with a sonotrode for 4 h at 0 °C (see Figure 3).  

 

 

Figure 3. TEM micrograph and corresponding histogram of P3OT26-b-PDMS50 seed micelles (Ln = 36 

nm, PDI = 1.14) obtained by sonication of polydisperse, multi-micron-long micelles at 0°C for 4 h in 

decane. 

 

The seed micelles obtained exhibited a low standard deviation of ca. 13 nm compared to the longer seeds 

used initially (Ln ca. 80 nm, standard deviation ca. 37 nm), thus facilitating the observation of micelle 

growth and also promoting the formation of monodisperse micelles by living CDSA. Growth from these 

small seed micelles in decane was investigated by adding P3OT26-b-PDMS50 unimer as a 10 mg mL-1 

solution in THF, corresponding to munimer/mseed values of 2.5, 5, 7.5, 10, 12.5, 15, and 20 (see Figure 4a 

and Table S1). 
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Figure 4. Number-average micelle contour length plotted against unimer-to-seed ratio for the fiber-like 

P3OT26-b-PDMS50 micelles obtained by adding the respective amount of P3OT26-b-PDMS50 unimer in 

THF to 6 µg of P3OT26-b-PDMS50 seed micelles in decane at 22°C (a) and by adding 60 µg of P3OT26-

b-PDMS50 unimer in THF to 6 µg of P3OT26-b-PDMS50 seed micelles in a decane/THF solvent mixture 

with varying THF contents at 22°C (b). The solutions were aged for 2 days at 22°C before TEM samples 

were prepared. Black dashed line: Theoretically predicted micelle lengths based on the mass of seed 

micelles and added unimer.  
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Figure 5. TEM micrographs and corresponding histograms for the fiber-like P3OT26-b-PDMS50 micelles 

which were obtained from adding 15 µg (a), 30 µg (b), 60 µg (c), and 120 µg (d) P3OT26-b-PDMS50 

unimer to 6 µg of P3OT26-b-PDMS50 seed micelles in decane and from adding 60 µg P3OT26-b-PDMS50 

unimer to 6 µg of P3OT26-b-PDMS50 seed micelles in a decane/THF solvent mixture with final THF 

fractions of 6% (e) and 9% (f).  

 

After aging the solutions at room temperature for two days, fiber-like micelles of varying length between 

Ln 129 nm and 368 nm with moderate length polydispersities (PDI <1.22) formed, as shown by TEM 

(Figure 5). Adding increasing amounts of unimer to the solution of seed micelles yielded fiber-like 

micelles with increasing average contour lengths. The best match of measured and theoretically 
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predicted average micelle lengths was observed for unimer additions corresponding to unimer-to-seed 

ratios of ≤ 5 and suggest a quantitative conversion of unimer into fibers. This is also qualitatively 

supported by UV/Vis spectroscopy (see Figure S15) where the spectra of these micelle solutions suggest 

crystalline ordering in the P3OT core, indicated by the absorption band at ca. 600 nm, and also absence 

of a peak at 445 nm, indicating that no significant amounts of unimer were left in solution.104 The fraction 

of surviving seed micelles was in general well below 10% (see histograms in Figure 5), indicating that 

growth at the termini of the seed micelles occurs efficiently, at least initially. At unimer-to-seed ratios 

> 5 longer fiber-like micelles were formed but the difference between measured and theoretically 

expected micelle length increased substantially (Figure 4a). However, non-converted BCP was not 

observed for high values of munimer/mseed ≥ 10. This may be a consequence of competing homogenous 

nucleation taking place simultaneously to epitaxial growth from the micelle seeds as the solubility of 

the polythiophene block in n-alkanes is low, resulting in a rather low overall solubility of the diBCP.  

This assumption is supported by a control experiment in which unimer was self-assembled under the 

same conditions but in the absence of seed micelles. In this experiment a quantity of the P3OT26-b-

PDMS50 unimer solution (12 µl of a 10 mg mL-1 in THF) corresponding to the highest amount of unimer 

solution added to seed micelles in Figure 4a was injected into decane, and the resulting colloidal solution 

aged at room temperature for two days, the same length of time as for the seeded growth experiments. 

In the absence of seed micelles, formation of polydisperse fibers with contour lengths between 40 nm 

and >1000 nm and an average contour length of 165 nm (PDI = 1.80) was observed (see Figure S16 in 

SI). This observation suggests that, the micelles obtained in the analogous seeded growth experiments 

with moderate length polydispersities of 1.11-1.22 are predominantly formed by epitaxial crystallization 

at the termini of the seed micelles. The control experiment, however, also shows that it is possible for 

homogenous nucleation to take place, in particular at high unimer-to-seed ratios of munimer/mseed = 10-

20. Despite this, the largest obtained micelle length of 368 nm and the apparent unimer uptake of 50% 

when using P3OT26-b-PDMS50 exceeded the self-assembly performance of their P3HT analogs.41 This 

suggests that introducing increased solubility and a larger steric barrier into the polythiophene repeat 

units by using a longer, n-octyl side group instead of an n-hexyl group may slow down the face-to-face 

packing of the polymer chains which is driven by intermolecular π-π interactions.86-88, 102 We postulate 
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that this might favour living CDSA by promoting structural rearrangement of the polythiophene chains 

and by decreasing the amount of defects during the self-assembly process. Formation of defects due to 

rapid crystallization could lead to lattice distortion and strain in the crystal growth direction and could 

explain the low unimer conversion for P3HT-containing diBCPs by rendering the core termini inactive 

for further epitaxial growth.39, 41, 42  

Seeded growth experiments were repeated using P3OT26-b-PDMS138 and living CDSA initiated from 

short stub-like P3OT26-b-PDMS138 seed micelles with an average contour length of 29 nm (PDI = 1.19) 

was also studied (see Table S2, Figure S17 and Figure S18). Although the measured micelle lengths of 

up to 358 nm were comparable to those found for analogous seeded growth experiments with P3OT26-

b-PDMS50, the length polydispersity of <1.39 observed for micelles formed from P3OT26-b-PDMS138 

was found to be significantly larger than that obtained when using P3OT26-b-PDMS50 (PDI ≤ 1.22). This 

increased length polydispersity for the case of P3OT26-b-PDMS138 might be due to the increased steric 

barrier associated with the longer PDMS corona. Based on previous studies of micelle growth kinetics, 

this would be expected to lead to a slower rate of seeded growth and therefore to increased competition 

from the formation of new micelles by homogenous nucleation.106  

 

 

5. Living CDSA of P3OT26-b-PDMS50 at varied concentration of common solvent. By performing 

the seeded growth experiments in the presence of an increased fraction of common solvent homogenous 

nucleation is suppressed, as demonstrated by the previous study with P3HT-b-P2VP in isopropanol with 

added THF.39 In addition, it is likely that structural rearrangement of the core-forming P3OT chains 

leading to a more regular packing and a reduction of defects might be promoted under analogous 

conditions. The THF volume fraction was kept below 10% as the Ln of seed micelles increased in length 

in decane/THF solvent mixtures with THF volume fractions >10% after aging for two days without 

further addition of unimer (see data for control experiments in Table S3). This suggests that solvent-

induced self-seeding occurs under these conditions. Thus, seeded growth experiments with a unimer-to-

seed ratio of 10, for which the length of the obtained micelles and the theoretically expected micelle 

length differed by ca. 30%, were repeated in the presence of an increased amount of THF, with final 
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THF volume fractions of 3%, 6%, and 9% compared to 1.5%. The fraction of common solvent of the 

decane/THF solvent mixture was increased by adding the desired amount of THF before the addition of 

unimer in the same solvent. Fiber-like micelles with average contour lengths of 299 nm, 334 nm, and 

393 nm with length polydispersities of 1.16-1.23 were obtained in the presence of THF fractions of 3, 6 

and 9%, respectively, significantly exceeding the micelle lengths of Ln = 262 nm (PDI = 1.11) obtained 

in the presence of 1.5% THF and, in the case of using a THF fraction of 9%, closely matching the 

theoretically predicted length Ln of 396 nm (see Figure 4b, Figure 5e and f and Table S1). 

 

Clearly an increased amount of THF favours micelle growth and it is likely that under these conditions 

more defect-free crystalline domains are being formed. However, after aging the micelle solutions with 

THF fractions of 6 and 9% significant amounts of unimer were still present in the micelle solutions for 

several weeks according to UV/Vis spectroscopy (see Figure 6). That the presence of certain amounts 

of common solvent for both blocks promotes micelle growth is also evident when further increasing the 

amount of unimer at a final THF volume fraction of 9% (e.g. munimer/mseed = 25: Ln = 503 nm and PDI = 

1.25; see Figure S19). In a control experiment an identical amount of P3OT26-b-PDMS50 unimer solution 

was injected into a decane/THF solvent mixture consisting of a total THF fraction of 9 vol% in the 

absence of seed micelles. After aging at room temperature for two days this gave fibers with Ln = 339 

nm with a significantly larger dispersity (PDI = 1.44) suggesting that at higher values of munimer/mseed 

homogenous nucleation can still occur (see Figure S20). 
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Figure 6. UV/Vis spectra of micelle solutions obtained from adding 60 µg P3OT26-b-PDMS50 unimer 

to 6 µg of P3OT26-b-PDMS50 seed micelles in a decane/THF solvent mixture with final THF fractions 

of 1.5%, 3%, 6%, and 9% at 22°C, micelle solutions aged at 22°C for at least two days before samples 

were prepared for analysis. 

Sonication might be expected to introduce defects into the seed micelles and to therefore hinder growth 

even in early stages of their elongation on addition of unimer. For this study, vigorous sonication at 0°C 

over 4 h was applied to produce uniform, small seed micelles, which represents harsher conditions than 

those previously reported for polythiophene-containing diBCP fiber-like micelles.39, 41, 42 However, 

comparison of GPC traces of a P3OT26-b-PDMS50 unimer solution in THF and of a corresponding 

solution in THF prepared by redissolving seed fragments in THF were very similar and showed no 

evidence for chain scission induced by sonication (Figure S21). However, the introduction of 

ultrasound-induced changes to the internal structure of the P3OT core could not be ruled out. We 

therefore performed an additional control experiment in which seed fragments were prepared without 

the use of sonication but under conditions that should promote homogenous nucleation instead.107 This 

was achieved by the addition of small amounts of unimer as a 10 mg mL-1 THF solution to decane at 

0°C with the fraction of common solvent for both blocks kept well below 1%. This procedure afforded 

seed micelles with Ln = 47 nm (PDI = 1.21, see Figure S22a) that did not grow further over 3 days. 

Using these seed micelles for seeded growth experiments by adding unimer corresponding to a unimer-

to-seed ratio of 10 and using THF fractions of 1.5, 6 and 9%, micelles with average contour lengths of 

229 nm (PDI = 1.18), 281 nm (PDI = 1.20), and 376 nm (PDI = 1.22) were obtained (see Figure S22). 
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These lengths are similar to those obtained when initiating growth from seed micelles prepared by 

sonication under analogous conditions (see Table S1, entries 1-4, 1-9, and 1-10), which suggests that 

sonication of micelles does not introduce additional defects in the core that influence subsequent 

epitaxial growth from the seeds. 

 

 

6. Living CDSA of P3OT26-b-PDMS50 under varied temperature and solvent conditions. In order 

to optimize conditions for the living CDSA of P3OT26-b-PDMS50 diBCPs, seeded growth experiments 

were performed at 10°C, 35°C and 40°C.89 Seeded growth experiments were carried out at a unimer-to-

seed ratio of 10 where, at room temperature, the measured micelle length deviated from the theoretically 

predicted micelle length by ca. 30%. Figure 7 shows a comparison of micelles formed upon adding 

unimer in THF corresponding to munimer/mseed = 10 to seed micelles with an average contour length (Ln) 

of 36 nm (PDI = 1.14) in decane at 10°C, 22°C, 35°C, and 40°C, respectively, followed by aging the 

micelle solution at the respective temperature for 2 days. At 10°C, an average length Ln = 41 nm (PDI 

= 1.48) was determined while at 22°C, under otherwise identical conditions, micelles with Ln = 262 nm 

(PDI = 1.11) were formed, suggesting that micelle elongation is highly disfavoured at lower 

temperatures. Interestingly, on increasing the temperature to 35°C and 40°C and keeping all other 

parameters constant, micelle growth was improved and fiber-like micelles with an average length of 330 

nm (PDI = 1.21) and 434 nm (PDI = 1.24) were obtained, respectively (see Figure 7).  
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Figure 7. Effect of temperature on P3OT-b-PDMS fiber length by seeded growth. Micelles were 

obtained from adding 60 µg P3OT26-b-PDMS50 unimer in THF to 6 µg of P3OT26-b-PDMS50 seed 

micelles (Ln = 36 nm, PDI = 1.14) in decane at 10°C, 22°C, 35°C and 40°C, aged at the respective 

temperature for two days. TEM micrographs for the fiber-like P3OT26-b-PDMS50 micelles obtained at 

the respective temperature (left) and corresponding histograms of the contour length distribution of 

samples (right; increasing temperature from left to right). The theoretically predicted micelle length is 

396 nm. 

 

The substantial increase in PDI for the fibers formed at 10°C compared to the seeds (1.48 vs 1.14) 

indicates that homogenous nucleation is strongly favoured at a lower temperature, presumably due to 

the lower solubility of the polymer. The length obtained at 35°C of 330 nm differs from the theoretically 

expected micelle length of 396 nm by less than 17%, suggesting a more efficient micelle growth at 

elevated temperature than at room temperature under otherwise identical conditions. An increase in 

temperature may promote structural rearrangement and thus more regular packing of P3OT chains via 

local annealing steps which could promote growth by avoiding the formation of defects. In addition, an 

increased temperature is expected to improve the solvent quality which would disfavour homogenous 

nucleation thereby leading to the growth of longer micelles.89 The average length obtained at 40°C 

actually exceeded the theoretically predicted micelle length by ca. 10%. We speculate that the increased 

solvent quality of the diBCP in decane at 40°C may lead to partial dissolution of the initial seeds before 

unimer was added (see discussion in the SI). This would lead to an underestimation of the theoretically 

calculated micelle length. 
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Seeded growth experiments were also conducted at 35°C in the presence of increasing amounts of 

unimer (Figure 8a). By adding increasing amounts of unimer as a 10 mg mL-1 solution in THF 

(munimer/mseed = 5, 7.5, 10, 12.5, 15, 20, and 25) to a solution of seed micelles in decane at 35°C and aging 

the solutions for 2 days, micelles with an increased average contour length of up to 572 nm (PDI = 1.22) 

were obtained, the highest value to date for polythiophene-based micelles by seeded growth  (see Figure 

8a and Figure S23). 

 

 

Figure 8. Number average micelle contour length plotted against unimer-to-seed ratio for the fiber-like 

P3OT26-b-PDMS50 micelles obtained by adding the respective amount of P3OT26-b-PDMS50 unimer in 

THF to 6 µg of P3OT26-b-PDMS50 seed micelles in decane at 35°C (a, black squares) and 40°C (a, black 

circles), and by adding 60 µg of P3OT26-b-PDMS50 unimer in THF to 6 µg of P3OT26-b-PDMS50 seed 

micelles in a decane/THF solvent mixture with varying THF contents at 35°C (b). Black dashed line: 

Theoretically predicted micelle lengths based on the mass of seed micelles and added unimer. 

 

At a unimer-to-seed ratio of ≤ 12.5, the discrepancy for measured and theoretically expected micelle 

lengths in 35°C seeded growth experiments was less than 15%. For a unimer-to-seed ratio of 15, the 

measured micelle length drops to ca. 80% of the theoretically expected micelle length and thus 

substantial amounts of residual unimer in solution were expected. This is consistent with UV/Vis 

spectroscopic data where a significant shoulder is observed at ca. 440-450 nm (see Figure S24). For 

seeded growth experiments up to a unimer-to-seed ratio of 10 molecularly dissolved diBCP was not 

detected by UV/Vis spectroscopy (Figure S24).  
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Significantly, for unimer-to-seed ratios ≥ 15 the shoulder in the UV/Vis spectra at 440-450 nm assigned 

to molecularly dissolved diBCP was no longer detected. This suggests that for munimer/mseed ≥ 15, 

homogenous nucleation may take place in addition to seeded growth (Figure S24). This phenomenon 

has already been suggested to occur at room temperature but at a considerably earlier stage of growth 

(munimer/mseed = 10). This indicates that at an increased temperature of 35°C homogenous nucleation is 

disfavoured due to an increased solvency of the P3OT block. Keeping the unimer-to-seed ratio constant 

at munimer/mseed = 10 and only increasing the amount of common solvent from 1.5% to 3%, 6%, and 9%, 

thus increasing the solvent quality of the polymer and possibly reducing defects in the micelle cores, 

leads to a growth of longer micelles with average contour lengths of 360 nm (PDI = 1.31), 412 nm (PDI 

= 1.21), and 449 nm (PDI = 1.35) in the presence of 3%, 6% and 9% THF, respectively, compared to an 

average micelle length of 330 nm (PDI = 1.21) obtained at 35°C in the presence of 1.5% THF (see 

Figure 8b and Figure S25). A trend of increasing micelle length with increasing THF fraction was 

previously noted at 22°C, but in contrast to that case, significant amounts of unimer remained in solution 

when performing seeded growth experiments at 35°C, in particular in the presence of 9% THF (see 

UV/Vis spectra in Figure S26 in SI). The presence of significant amounts of unimer, the PDI increase, 

and the formation of micelles above the theoretical length under the latter conditions suggests that 

dissolution of micellar domains with lower crystallinity or partial seed dissolution may take place to a 

certain extent. Control over micelle growth is therefore limited under these conditions. A further 

consideration is that although the P3OT BCP has a narrow molar mass distribution, it is not 

monodisperse. It is therefore likely that residual unimer consists of material in which the P3OT block is 

slightly shorter and the corona-forming PDMS block is slightly longer making the polymer chains 

intrinsically more soluble. 

 

 

7. General aspects of living CDSA at elevated temperature and in the presence of increased 

fractions of common solvent. To extend the scope of the new protocol involving the use of elevated 

temperature and the presence of increased amounts of THF for seeded growth experiments, we also 

investigated seeded growth behavior of P3OT20-b-PS60 (characterization data shown in Figure S30 and 



24 
 

S31) at 22°C and 35°C in the presence of different THF fractions. P3OT20-b-PS60 unimer as a 10 mg 

mL-1 solution in THF was added to P3OT20-b-PS60 seed micelles with an average length Ln = 40 nm (PDI 

= 1.09, see Figure S32) in butyl acetate prepared by sonicating a solution of polydisperse, multi-micron-

long fiber-like P3OT20-b-PS60 micelles for 4 h at 0°C. The average contour length Ln obtained at 22°C 

and 35°C when using a unimer-to-seed ratio of 10 was 120 nm (PDI = 1.20) and 358 nm (PDI = 1.16), 

respectively (see Table S4 and Figure S33). This reveals that an increased temperature of 35°C 

significantly favours micelle growth and is in accordance with the trend observed for the living CDSA 

of P3OT-b-PDMS diBCPs. In addition, when increasing both the temperature and the THF fraction, a 

further increase of micelle length was observed, in line with what is expected based on analogous 

experiments with P3OT-b-PDMS. By keeping the unimer-to-seed ratio at 10 and only increasing the 

THF fraction to 9%, micelle lengths Ln of 198 nm (PDI = 1.16) and 537 nm (PDI = 1.25) were obtained 

at 22°C and 35°C, respectively (see example TEM images in Figure S33). Again this demonstrates that 

performing seeded growth experiments with diBCPs containing a polythiophene block in the presence 

of an elevated temperature combined with significant amounts of common solvent promotes micelle 

growth. The micelle length (537 nm) detected for a unimer-to-seed ratio of 10 at 35°C exceeded that 

expected theoretically (440 nm). As with the case of P3OT-b-PDMS, this is probably due to dissolution 

of micelle regions with lower crystallinity under these conditions, as previously suggested for P3OT-b-

PDMS.  

 

 

8. Summary 

P3OT-b-PDMS diBCPs with a regioregular, crystallizable π-conjugated P3OT core-forming segment 

and different block length ratios of ca. P3OT:PDMS = 1:0.5, 1:2, and 1:5 (keeping the P3OT block 

length constant) were synthesized by Cu-catalyzed azide-alkyne cycloaddition reactions of alkyne-

terminated P3OT and azide-terminated PDMS homopolymers. Fiber-like, multi-micron-long micelles 

with a crystalline, tape-like P3OT core and a PDMS corona were obtained via the solution self-assembly 

in decane (a selective solvent for the PDMS block). The structural features were determined by TEM 

and AFM and the crystalline nature of the π-conjugated core was confirmed by UV/Vis and fluorescence 
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spectroscopy as well as WAXS analysis. The colloidal stability was dependent on the P3OT/PDMS 

block ratio and, due to the severe aggregation of P3OT26-b-PDMS12 micelles, seeded growth 

experiments were only performed with P3OT26-b-PDMS50 and P3OT26-b-PDMS138 diBCPs (block ratios 

of ca. 1:2 and 1:5). The use of elevated temperature and significant concentrations of common solvent 

(THF) during the self-assembly led to the formation of fiber-like micelles with controlled lengths up to 

ca. 600 nm (PDI = 1.1-1.3) while suppressing potentially competitive homogenous nucleation. This is 

significantly longer than those accessible using P3HT BCPs (ca. 250 - 300 nm)39, 41 suggesting that the 

presence of a more sterically demanding and solubilising n-octyl substituent promotes seeded growth. 

We suggest that under the conditions of elevated temperature and significant concentrations of common 

solvent regular, defect-free packing of core-forming P3OT chains is favored, facilitating epitaxial 

elongation. This was also demonstrated for the case of the self-assembly of P3OT-b-PS, indicating that 

this protocol facilitates effective length control of fiber-like micelles for other polythiophene-containing 

diBCPs. The application of these concepts to other BCPs with crystalline core-forming blocks where 

the formation of long fibers by seeded growth has been problematic will be the subject of future work.89 
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