
                          Li, X., Gao, Y., Boott, C. E., Hayward, D. W., Harniman, R. L., Whittell, G.
R., ... Manners, I. (2016). “Cross” Supermicelles via the Hierarchical
Assembly of Amphiphilic Cylindrical Triblock Comicelles. Journal of the
American Chemical Society, 138(12), 4087–4095. DOI:
10.1021/jacs.5b12735

Peer reviewed version

License (if available):
CC BY-NC

Link to published version (if available):
10.1021/jacs.5b12735

Link to publication record in Explore Bristol Research
PDF-document

Xiaoyu Li, Yang Gao, Charlotte E. Boott, Dominic W. Hayward, Robert Harniman, George R. Whittell, Robert M.
Richardson, Mitchell A. Winnik, and Ian Manners, “Cross” Supermicelles via the Hierarchical Assembly of
Amphiphilic Cylindrical Triblock Comicelles, Journal of the American Chemical Society 2016 138 (12), 4087-
4095, Copyright (C) 2016 Americal Chemical Society.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Explore Bristol Research

https://core.ac.uk/display/77602795?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1021/jacs.5b12735
http://research-information.bristol.ac.uk/en/publications/cross-supermicelles-via-the-hierarchical-assembly-of-amphiphilic-cylindrical-triblock-comicelles(57ddbbdb-f614-4aab-abaf-6eb63b582b56).html
http://research-information.bristol.ac.uk/en/publications/cross-supermicelles-via-the-hierarchical-assembly-of-amphiphilic-cylindrical-triblock-comicelles(57ddbbdb-f614-4aab-abaf-6eb63b582b56).html


1 

“Cross” Supermicelles via the Hierarchical Assembly of Am-
phiphilic Cylindrical Triblock Comicelles 

Xiaoyu Li,†, ǁ, § Yang Gao,†, § Charlotte E. Boott,† Dominic Hayward, † Robert Harniman, † George R. 

Whittell, †  Robert M. Richardson,†† Mitchell A. Winnik,‡ and Ian Manners*,† 

† School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom 
†† School of Physics, University of Bristol, Bristol BS8 1TS, United Kingdom 
‡ Department of Chemistry, University of Toronto, Toronto, Ontario M5S 3H6, Canada 

 

KEYWORDS crystallization-driven self-assembly, amphiphile, block comicelle, hierarchical assembly, supermicelle 

ABSTRACT: Self-assembled “cross” architectures are well-known in biological systems (as illustrated by chromosomes, 
for example); however, comparable synthetic structures are extremely rare. Herein we report an in depth study of the hi-
erarchical assembly of the amphiphilic cylindrical P-H-P triblock comicelles with polar (P) coronal ends and a hydropho-
bic (H) central periphery in a selective solvent for the terminal segments which allows access to “cross” supermicelles un-
der certain conditions. Well-defined P-H-P triblock comicelles M(PFS-b-PtBA)-b-M(PFS-b-PDMS)-b-M(PFS-b-PtBA) (M = 
micelle segment, PFS = polyferrocenyldimethylsilane, PtBA = poly(tert-butyl acrylate), and PDMS = polydimethylsiloxane) 
were created by the living crystallization-driven self-assembly (CDSA) method. By manipulating two factors in the su-
permicelles, namely the H segment-solvent interfacial energy (through the central H segment length, L1) and coronal ste-
ric effects (via the PtBA corona chain length in the P segment, L2 related to the degree of polymerization DP2) the aggre-
gation of the triblock comicelles could be finely tuned. This allowed a phase-diagram to be constructed that can be ex-
tended to other triblock comicelles with different coronas on the central or end segment where “cross” supermicelles were 
exclusively formed under predicted conditions. Laser scanning confocal microscopy (LSCM) analysis of dye-labeled 
“cross” supermicelles, and block “cross” supermicelles formed by addition of a different unimer to the arm termini, pro-
vided complementary characterization to TEM and dynamic light scattering (DLS) and confirmed the existence of these 
“cross” supermicelles as kinetically-stable, micron-size colloidal stable structures in solution.  

Introduction 

Amphiphilic molecular species are ubiquitous in both 
the natural world and everyday life, and typical examples 
include phospholipids in cell membranes and surfactant 
molecules in detergents. These species are composed of a 
hydrophilic head group and a short hydrophobic segment 
and can self-organize into micellar aggregates in water.1 
Amphiphilic block copolymers (BCPs), higher molar mass 
analogues of these molecular amphiphiles, can also self-
assemble in selective solvents.2 Due to the enhanced hy-
drophobic effect arising from the longer hydrophobic 
blocks, BCP micelles are generally formed at a much low-
er concentration. Moreover, as intermicellar unimer (mo-
lecularly dissolved BCP) exchange is much slower or non-
existent, kinetically-stable non-equilibrium morphologies 
are accessible in addition to the thermodynamically pre-
ferred spherical, cylindrical and vesicular aggregates.3 

“Supermicelles” are micron size hierarchical structures 
constructed from BCP micelle building blocks, and these 
assemblies have barely been explored until recently.4 In 

2003 spherical micelles with patches of different polarity 
were self-assembled into supermicelles consisting of small 
aggregates.5 This work has been extended to yield a range 
of remarkable linear and branched segmented structures.6 
The assembly of patchy BCP micelles into large supermi-
celles7, nanotubes and nanosheets8 has also been demon-
strated. Shell-crosslinked spherical BCP micelles have also 
been electrostatically assembled on cylinders of opposite 
coronal charge.9 The resulting sphere-cylinder supermi-
celles undergo cell internalization, unlike the uncoated, 
charged cylindrical precursors. Such hybrid supermicelles 
can simultaneously deliver gene-silencing RNA and pro-
vide an imaging capability through radiolabeling, offering 
potential for theranostic applications in biomedicine.9 

Supermicelles can also be prepared by connecting two 
micellar species via covalent bonds.10 

We recently reported a facile, solution-phase route to 
prepare amphiphilic cylindrical micelles,11 based on living 
crystallization-driven self-assembly (CDSA), as an alterna-
tive route to patchy nanoparticles.12 This method allows 



2 

the formation of monodisperse samples of cylinders pos-
sessing segmented coronal regions of precisely controlled 
length and with distinct chemistries via the epitaxial 
growth of added BCP unimers with a crystallizable core-
forming block from the termini of seed micelles.11,13 Such 
amphiphilic block comicelles are able to self-assemble 
either side-by-side or end-to-end in selective solvents to 
form hierarchical structures on the 1 – 100 μm length scale, 
such as spherical and cylindrical supermicelles or extend-
ed 1D or 3D structures, respectively.11c 

Self-assembled structures with “cross” architectures are 
well-known in biology (e.g. chromosomes) whereas com-
parable synthetic constructs are extremely rare. With this 
in mind, we have recently shown that the hierarchical 
self-assembly of triblock comicelles with central blocks 
bearing either hydrogen-bond donor or acceptor groups 
are capable of forming “cross” supermicelles.14 Such struc-
tures were also generated from triblock comicelles in po-
lar media by the use of hydrophobic central segments. 
The coronal chains present in the solvophobic central 
segments of the supermicelles can also be crosslinked,15 
thereby allowing further stabilization of the “cross” archi-
tectures.  This facilitates the creation of highly complex 
structures such as “windmill” micelles by the application 
of further living CDSA steps.14 However, despite their in-
teresting potential, the conditions under which “cross” 
supermicelles are formed relative to other assemblies 
were not studied.  

In this paper we report a systematic and detailed study 
on the self-assembly of amphiphilic, centrosymmetric 
cylindrical P-H-P triblock comicelles with a hydrophobic 
(H) central segment and polar (P) segments at the termini 
in selective solvents. We show that by controlling two key 
parameters, namely the central H segment length and the 
corona chain length in the P segment, the aggregation 
behavior of the triblock comicelles can be understood. 
We construct a phase diagram that allows “cross” super-
micelles to be exclusively formed under predictable con-
ditions. We also demonstrate that the approach can be 
applied to different block comicelle systems.   

Results 

1. Design, synthesis, and characterization of am-
phiphilic P-H-P triblock comicelles  

For the systematic study of the triblock comicelle as-
sembly, two kinds of BCPs were used (Scheme 1(A)): an H 
(hydrophobic and insoluble in a polar solvent) segment- 
forming BCP PFS-b-PDMS (PFS = polyferrocenyldime-
thylsilane, PDMS = polydimethylsiloxane) and a series of 
the P (polar, soluble in a polar solvent) segment-forming 
BCPs PFS-b-PtBA (PtBA = poly(tert-butyl acrylate)), 
which contain similar PFS block length and different 
PtBA block length (Table S1). The BCPs were prepared by 
sequential living anionic polymerization of dimethylsi-
la[1]ferrocenophane and hexamethylcyclotrisiloxane or 
tert-butyl acrylate, respectively.16 And all contain a crys-
tallizable PFS core-forming block.17  

For convenience, as the crystalline PFS core was a com-
mon feature, all of the micelles are depicted in an abbre-
viated form that reflects their coronal chemistry (for ex-
ample, triblock comicelle M(PFS-b-PtBA)-b-M(PFS-b-
PDMS)-b-M(PFS-b-PtBA), is described as P-H-P. These 
cylinders were prepared by seeded growth from short H 
cylindrical micelles (seeds) via living CDSA (Scheme 1(B)). 
Firstly, monodisperse H micelle seeds were prepared by 
adding PFS28-b-PDMS560 unimers in THF to a solution of 
small PFS28-b-PDMS560 crystallites13c (ca. 16 nm in length) 
in hexane, and the length was controlled by the ratio of 
the PFS28-b-PDMS560 unimers to the small crystallites (see 
Table S2). To the seed solution, in a solvent mixture of n-
hexane : isopropanol (i-PrOH) = 1:4, v/v, in which both 
PtBA and PDMS chains were soluble, the desired amount 
of PFS-b-PtBA unimers in a small portion of THF was 
added to achieve desired cylinder length. All the seed 
cylinders and triblock comicelles were characterized by 
transmission electron microscopy (TEM) and the results 
are summarized in Figure S1. As can be appreciated from 
the images and data (Table S2 and Table S3), both seeds 
and triblock comicelles were uniform in length, due to 
the control arising from the living CDSA method. This 
ensured that all the micelles from the sample possessed 
very similar amphiphilicity, a feature likely to facilitate 
their controlled hierarchical assembly. 

 

Scheme 1. Chemical structures (A) of PFS-b-PDMS and 
PFS-b-PtBA diblock copolymers, abbreviated as H and P, 
respectively; and schematic illustration of (B) the CDSA 
process to prepare a P-H-P triblock comicelle and the 
definition of L1 and L2. Orange, red and blue chains are 
representing PFS, PDMS and PtBA chains, respectively.   

The hierarchical self-assembly of the P-H-P triblock 
comicelles is expected to depend on the relative dimen-
sions of the segments present. To consider this in more 
detail, we define the length of the central H segments of 
the block comicelle building blocks as L1, and the length 
of soluble corona chains (or corona layer thickness) in the 
terminal P segments as L2 (Scheme 1(B) right).  
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Figure 1. TEM images of P-H-P triblock comicelles with L1 = 16 nm, DP2 = 170 in (A) n-hexane : i-PrOH = 1 : 4; (B)  i-PrOH; (C) i-
PrOH : MeOH = 5 : 5 and (D)  MeOH.  Scale bars are 1 μm and those for the insets are 200 nm. 

L1 is the length of the H micelle seeds, from which the 
triblock comicelles are grown, and thus the values of L1 
can be obtained from the TEM images of the seed mi-
celles. L2 is more challenging to determine. However, the 
value will be dependent on the degree of polymerization 
(DP) of the PtBA chains in the PFS-b-PtBA BCP (see SI 
pages S8-S9 for a discussion on the precise relationship 
between L2 and DP).18 In this work, where we are interest-
ed in a qualitative approach to understanding the hierar-
chical self-assembly, we have therefore directly used the 
value of the degree of polymerization of PtBA, represent-
ed as  DP2, as a replacement for L2 (for example, for a P 
segment from PFS20-b-PtBA170, DP2 = 170). To determine 
the value of DP2 for the diblock copolymer PFS-b-PtBA, 
the DP of the PFS homopolymer was obtained first by 
MALDI-TOF analysis and subsequently the DP2 was cal-
culated based on the results from 1H NMR integration for 
the diblock copolymer. 

When the P-H-P triblock comicelles are dispersed in a 
polar solvent we anticipate that, at least to a first approx-
imation, the value of L1 will determine the interfacial en-
ergy between the insoluble short H segments and the sol-
vent. To minimize the H segment/solvent interfacial en-
ergy, the triblock comicelles would be expected to aggre-
gate and form large bundles. On the other hand, the value 
of L2 (or DP2) would be expected to characterize a coun-
terbalancing steric effect from the solvated coronas of the 
P segments, which would tend to hinder aggregation. The 
relative counterbalancing of these two effects would be 
expected to give rise to a variety of aggregate morpholo-
gies, as revealed in practice in the studies described be-
low. 

2. Self-assembly of amphiphilic P-H-P triblock 
comicelles in selective, polar solvents    

To study the self-assembly of the P-H-P amphiphilic 
comicelles in selective solvents, we started with the P-H-P 
triblock comicelles with L1 = 16 nm and DP2 = 170 dis-
persed in n-hexane : i-PrOH (1:4, v/v). The solution was 
subsequently dialyzed into i-PrOH over 1 day and MeOH 
over 3 days. As both i-PrOH and MeOH are poor solvents 

for PDMS chains, aggregation of the H segments leads to 
the formation of discrete or aggregated supermicelles in 
order to minimize the interfacial energy.  

TEM analysis (Figure 1) suggested that the degree of ag-
gregation of the triblock comicelles increased as the po-
larity of the solvent mixture increased.  When the block 
comicelles were dialyzed into i-PrOH, mainly individual 
triblock comicelles and occasional “cross”-shaped super-
micelles (formed by the aggregation of two cylinders at 
the H segments) were observed (Figure 1(B)). When the 
solvent became more polar (from i-PrOH to MeOH), the 
comicelles formed small bundles initially (i-PrOH : 
MeOH = 5 : 5, Figure 1(C)), with the H segments well 
aligned inside the bundles. Eventually these small bun-
dles aggregated further to form three dimensional aggre-
gates (MeOH, Figure 1(D)). From this set of experiments, 
it could be concluded that the degree of aggregation was 
related to the solvent quality and the resulting interfacial 
tension. Thus, to simplify the subsequent studies, we fo-
cused on the self-assembly behavior of the triblock comi-
celles in MeOH, in which they show the most extensive 
aggregation. 

 

Figure 2.  TEM images of triblock comicelles P-H-P in 
MeOH with DP2 = 280 and L1 = (A) 16 nm; (B) 27 nm; (C) 
37 nm; (D) 56 nm.  Scale bars are 500 nm.  
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3. Influence of L1 and DP2 on supermicelle archi-
tecture 

To study the influence of L1 and DP2 on the self-assembly 
of triblock comicelles, two sets of experiments were car-
ried out. In the first set, P-H-P triblock comicelles with 
four different L1 values, 16, 27, 37 and 56 nm (Table S3) 
and the same value of DP2, 280, were dialyzed into MeOH 
and the resulting aggregates were studied by TEM. When 
L1 = 16 nm, the triblock comicelles formed “cross”-shaped 
supermicelles (Figure 2(A)) with only two micelles aggre-
gated together through the central H segments. When the 
L1 value increased, the hydrophobic effect from the H 
segments was enhanced, and thus multiple “cross” (Figure 
2(B)), mixed multiple “cross” and bundles (Figure 2(C)), 
and eventually bundles of triblock comicelles (Figure 2(D)) 
were formed. Due to the aggregation of insoluble PDMS 
chains, the dense supermicelle core regions arising from 
the central H segments appeared darker by TEM.  

 

Figure 3. TEM images of P-H-P triblock comicelles in MeOH 
with L1 = 27 nm and DP2 = (A) 600; (B) 460; (C) 280; and (D) 
170. Scale bars are 500 nm.  

In the second set of experiments, we fixed L1 to 27 nm 
and investigated amphiphilic triblock comicelles with 
four different DP2 values (DP2 = 600, 460, 280 and 170, the 
characteristics are shown in Table S3). After dialysis of the 
triblock comicelle samples into MeOH, in the case where 
DP2 = 600, the triblock comicelles still remained as indi-
vidual structures and no aggregation could be observed 
(Figure 3(A)). However, when DP2 was decreased to 460 
and 280, multiple “cross” supermicelles were observed 
(Figure 3(B, C)), and large three dimensional bundles ap-
peared when DP2 was further reduced to 170 (Figure 3(D)). 

From those two sets of experiments it can be concluded 
that the aggregation of the triblock comicelles can be en-
hanced via either a stronger hydrophobic interaction 
(through a larger H segment-solvent interfacial energy 
from increasing the L1 value), or a reduced coronal steric 
repulsion effect (from a smaller DP2 value). However, to 
more fully explore the influence of L1 and DP2 on the su-
permicellar structures formed by the triblock comicelles, 

a more systematic study was performed (see section 4 
below). 

First, we addressed an important assumption that has 
been made in the interpretation of the data. Namely, that 
the supermicellar structures are formed in solution rather 
than on drying during the TEM sample preparation. Sev-
eral samples were therefore characterized in solution by 
dynamic light scattering (DLS). As shown in Figure 4(E), 
in comparison with the individual cylindrical block comi-
celles (Figure 4(A)), the multiple “cross” micelles (Figure 
4(B)) showed negligible difference in apparent hydrody-
namic diameter (Dh, app), but the cylinder bundles (Figure 
4(C)) showed a much larger Dh,app.  This appears to be 
reasonable, as the hydrodynamic radius of the “cross” 
micelles would be expected to be very similar to that of 
the individual cylindrical triblock comicelle components, 
whereas the larger bundles possessed many more cylin-
ders as part of their structure, and therefore a larger hy-
drodynamic size would be anticipated. 

 

Figure 4. Typical TEM images of the structures formed by 
triblock comicelle P-H-P (A) individual cylinders (L1 = 16 nm, 
DP2 = 600) ; (B) multiple “cross” (L1 = 56 nm, DP2 = 600); (C) 
multiple “cross” plus bundles (L1 = 56 nm, DP2 = 280); and (D) 
bundles (L1 = 56 nm, DP2 = 170). Shown in image (E) are the 
normalized DLS data of the samples (A-C). Image (F) shows 
the transmittance data of sample (B), (C) and (D). The origin 
of the very small (ca. 0.5 %) reduction in transmittance at 
520 nm in the spectra is unknown. Scale bars are 500 nm.  
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Figure 5. TEM images and the corresponding schematic representations of the structures formed in MeOH by the 
triblock comicelle P-H-P: (A) Individual cylinders (L1 = 16, DP2 = 600), (B) “cross” micelles (L1 = 16, DP2 = 280), (C) multiple 
“cross” micelles (L1 = 27, DP2 = 460), and (D) a cylinder bundle (L1 = 27, DP2 = 170) together with a simplified schematic 
representation to illustrate the packing. Scale bars are 200 nm.  Shown in image (E) is the phase diagram summarizing the 
influences of L1 and DP2 (to which L2 is related, see SI pages 7-8 for details) on the supermicellar structures formed by the 
amphiphilic triblock comicelle P-H-P.  Individual cylinders are marked as “I”, “cross” micelles as “C”, multiple “cross” as 
“MC” and cylinder bundles as “B”.  

Unfortunately, the very large aggregates (Figure 4(D)) 
were too large to be characterized by DLS. Thus the opti-
cal transmittance measurements of the solution were per-
formed. As shown in Figure 4(F), the solution with very 
large aggregates showed significantly reduced transmit-
tance relative to those with multiple “cross” supermicelles 
or with small bundles. The combination of DLS and opti-
cal transmittance results clearly suggests that these ag-
gregates form from the triblock comicelles prior to sol-
vent evaporation. Further, conclusive evidence, in the 
form of laser scanning confocal microscopy analysis, is 
presented below (section 6). 

Before proceeding with a systematic study we also want-
ed to confirm that the observed aggregation in MeOH 
was solely induced by the collapse of PDMS chains in the 
corona of the central block and that the coronal PtBA 
chains of the adjoining terminal segments play no signifi-
cant role.  To address this issue, we explored whether 
cylindrical micelles from the diblock copolymer PFS-b-
PtBA alone will form similar aggregates in MeOH. As the 
triblock comicelles with L1 = 16 nm and DP2 = 600 did not 
form aggregates in MeOH, this suggested that long PtBA 
corona chains do not induce aggregation between the 
triblock comicelles. For confirmation, we also investigat-
ed the behavior of cylindrical homomicelles (Ln = 510 nm, 
Lw/Ln = 1.14) prepared from PFS20-b-PtBA170 diblock copol-
ymer. As shown in Figure S3, these cylinders appear well-

dispersed in MeOH based on TEM observations and also 
DLS analysis. This strongly indicated that the aggregation 
of the triblock comicelles was indeed induced by the col-
lapse of the PDMS chains, and that the PtBA chains in the 
neighboring segment serve only to provide colloidal sta-
bility. 

4. Construction of a phase diagram for supermi-
celle formation 

A total of 16 combinations of L1 (16, 27, 37 and 56 nm) 
and DP2 (170, 280, 460, 600) were explored. The TEM im-
ages of all the resulting assemblies from the 16 different 
combinations in MeOH after solvent evaporation are 
shown in Figure S2.  With an increase of L1 from 16 nm to 
56 nm, the hydrophobic effect became predominant, so 
that even with DP2 = 600 (corresponding to the largest 
coronal steric repulsion), the triblock comicelles were 
observed to aggregate and formed multiple “cross” su-
permicelles (Figure S2(D)). When the value of L1 was kept 
at 56 nm and DP2 was decreased to 170, the steric repul-
sion effect was reduced even further, and extremely large 
three dimensional aggregates were formed (Figure S2(P)).  
TEM images of four typical supermicelles and their corre-
sponding schematic representations are shown in Figure 5.  
Variation of L1 and DP2 clearly had a very significant in-
fluence on the structures of the supermicelles. A phase 
diagram was included in Figure 5(E) to summarize the 
supermicellar structures formed by these P-H-P am-
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phiphilic triblock comicelles with the variation of L1 and 
DP2. A general trend can be extracted from these images 
that the size of the supermicelles, or the number of 
triblock comicelles in each aggregate, increases with in-
creasing values of L1 and decreasing values of DP2. 

5. Generality of the phase diagram and the pre-
dictable formation of “cross” supermicelles 

To explore the generality of the phase diagram in Fig-
gure 5(E) we examined the self-assembly behavior of cy-
lindrical triblock comicelles in which the P segments were 
replaced by M(PFS-b-P2VP) (P’) segments (P2VP = poly(2-
vinyl pyridine). These P’-H-P’ triblock comicelles were 
also prepared via living CDSA using the 16 nm H seeds, 
and two PFS-b-P2VP polymers, PFS32-b-P2VP760 and PFS25-
b-P2VP250 (Figure 6(A), Table S1). By analogy with the 
analysis of P-H-P block comicelles, L2’ is defined as the 
length of the P2VP chains, see Figure 6(B), but is repre-
sented in the following discussions by the degree of 
polymerization, DP2’. Both examples of P’-H-P’ triblock 
comicelles were found to be dispersible in i-PrOH (Figure 
S4(A, B)).  After dialysis against MeOH, no aggregation 
could be observed for triblock comicelles with DP2’ = 760 
(Figure S4(D)), while   “cross” micelle formation was de-
tected when DP2’ = 250 (Figure 6(C)).  These experimental 
results agreed well with our predictions based on the 
phase-diagram for P-H-P triblock comicelles (Figure 5(E)).  
Interestingly, when the P2VP chains of the P’-H-P’ (DP2’ = 
250) triblock comicelles were quaternized with CH3I, the 
“cross” micelles were found to dissociate into individual 
cylinders based on TEM analysis (Figure 6(D)).  

We further extended our studies to another triblock 
comicelle system in which both the terminal and the 
middle H segment were altered. The H segment was 
changed to M(PFS36-b-PMVS324) (PMVS = 
poly(vinylmethyl siloxane), H’) which, as expected, pos-
sessed similar solubility behaviour to that of PDMS.  
Triblock comicelles P’-H’-P’ with L1’ = 20 nm and DP2’ = 
250, were prepared using living CDSA in a similar manner 
to the previous cases, using cylindrical H’ seeds with a 
length of 20 nm. As shown in Figure 6(E), these triblock 
comicelles were also able to form “cross” micelles in pure 
MeOH. In addition, the terminal P’ blocks could be shell-
crosslinked on the addition of Karstedt’s catalyst.15,19  Both 
the vinyl groups on the PMVS chains and pyridyl groups 
on the P2VP chains were crosslinked (XL) (to give XLH’ 
and XLP’ segments, respectively)20 and the whole supermi-
cellar structure became permanently locked in.  When 
THF (a good solvent for all the polymer blocks) was add-
ed into the solution with up to even 80% by volume, the 
“cross” XLP’-XLH’-XLP’ supermicelles were still stable, ex-
cept that the cylinders appeared more curved and flexible, 
presumably due to the solvation of the previously rigid 
crystalline PFS core (Figure 6(F)).  The experimental re-
sults on the P’-H-P’ and P’-H’-P’ systems clearly indicate 
that this phase-diagram has useful general applicability 
for different types of cylindrical triblock comicelles.  

Atomic force microscopy (AFM) was also used to charac-
terize the “cross” supermicelles shown in Figure 6(E). The 
AFM topographic image (Figure 6(G)) and the cross-

sectional analysis (Figure 6(H)) of the “cross” supermi-
celles clearly revealed that they consist of two overlapping 
triblock comicelles. 

 

Figure 6. (A) Chemical structure of PFS-b-P2VP; (B) sche-
matic illustration of the living CDSA process to prepare a P’-
H(H’)-P’ triblock comicelle and the definition of L2’; (C-F) 
TEM images of triblock comicelles in MeOH after solvent 
evaporation (C) P’-H-P’, DP2’ = 250; (D) quaternized P’-H-P’, 
DP2’ = 250; (E) P’-H’-P’, DP2’ = 250; and (F) XLP’-XLH’-XLP’, DP2’ 
= 250 triblock cylinder in MeOH : THF = 1 : 4. L1 = 16 nm in 
(B-D) and L1’ = 20 nm in (E) and (F). Scale bars are 1 μm in 
TEM images. Shown in (G) is the AFM topographic image of 
the “cross” supermicelles shown in image (E), and the cross-
sectional analysis along one of the triblock comicelles is 
shown in (H). 

6. Characterization of “cross” supermicelles in 
solution using laser scanning confocal microsco-
py 

As discussed above (section 3), an important issue con-
cerns whether the “cross” supermicellar structures exist in 
the solution state or, instead, they are formed on solvent 
removal during sample preparation.  To provide conclu-
sive evidence, we labeled the supermicelles with a fluo-
rescent dye and characterized them in solution by laser 
scanning confocal microscopy (LSCM).  Dye labelling was 
accomplished by the addition of unimers of PFS20-b-
PtBA320-DR (end-labeled with the red-dye, DR, BODIPY 
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630/650) to a solution of “cross” supermicelles (shown in 
Figure S5) that were prepared from P’-H’-P’ triblock com-
icelles.  The unimers added to the accessible PFS core 
termini of the “cross” supermicelles, and the length of the 
arms increased from 210 ± 20 nm to 2.5 ± 0.2 μm, as 
shown by TEM analysis (Figure 7(B)). The resulting “cross” 
supermicelles could be readily observed by LSCM (Figure 
7(C)).  

 

Figure 7. Schematic  illustrations (A, D), TEM images (B, D) 
and LSCM images (in MeOH) (E, F) of block “cross” supermi-
celles prepared via the addition of fluorescent dye-containing 
unimers to the small “cross” micelles shown in Figure S5. 
Shown in (A-C) are the block “cross” supermicelles by adding 
PFS20-b-PtBA320-DR; and those shown in (D-F) are the blocky 
“cross” supermicelles by further adding non-fluorescent 
PFS20-b-P2VP250 and PFS20-b-P2VP520-DG.  Scale bars are 2 μm. 

To explore the robustness of these “cross” supermicelles, 
we further added a small amount of non-fluorescent 
PFS20-b-P2VP250 unimers and subsequently the green dye-
end capped material PFS20-b-P2VP520-DG (DG = green-dye 
BODIPY FL) to the sample (Figure 7(E) and (F)). The 
length of the arms further increased to around 5.9 ± 0.3 
μm, and the newly-grown P’ segment appeared to be 
darker in TEM images (Figure 7(E)), due to their long 
corona-chain length and higher electron density of P2VP 
relative to PtBA.11b The clear difference in the colors of the 
red-dye attached P segments and the green-dye attached 
P’ segment demonstrated the successful preparation of 
“cross” block co-supermicelles and their existence in solu-

tion state (Figure 7(F)). Significantly, no detectable ex-
change between the red- and green-dye was observed 
after even 5 months of storage of these supermicelles. 
This indicated that the “cross” supermicelles are kinetical-
ly stable under these ambient temperature conditions on 
a timescale of several months. 

Discussion 

1. Rationalization of the accessible morphologies 
from the self-assembly of amphiphilic cylindrical 
triblock comicelles. 

The main factor influencing the aggregation behavior of 
the P-H-P triblock comicelle systems studied in this work 
is expected to be the balance between the interfacial en-
ergy of the collapsed PDMS chains of the supermicelle 
core with the solvent and the steric repulsions in the su-
permicelle corona between the PtBA chains (see Results, 
Section 1). As PDMS chains are insoluble in MeOH and 
collapse (Scheme 2), the strength of the hydrophobic in-
teraction will increase with L1, and this effect will promote 
aggregation of the triblock comicelles to form supermi-
celles. On the other hand, increasing L2 leads to increased 
steric hindrance, hindering triblock comicelle aggregation. 
As a further consideration, the long PtBA chains could 
partially cover the collapsed middle segments and reduce 
the interfacial energy. By manipulating the values of L1 
and L2 (by means of DP2) different supermicellar aggre-
gates or supermicelles were obtained. 

 

Scheme 2. Schematic illustrations of the influences of L1 
and L2 to the triblock comicelles with hydrophobic mid-
dle segment with collapsed corona chains. (A) Both L1 and 
L2 are small; (B) L1 is small and L2 is large; (C) L1 is small 
and L2 is very large; (D) both L1 and L2 are very large. 

When L2 is short (DP2 = 170, see Scheme 2(A)), irrespec-
tive of the value of L1, the triblock comicelles form bun-
dles (see Figure 5(E), brown “B” zone for bundles). This is 
presumably a consequence of the PtBA chains being in-
sufficiently long to shield the collapsed PDMS chains 
from solvent, and thus the hydrophobic effect becomes 
predominant. This forces the triblock comicelles to min-
imize the interfacial energy via the preferential parallel 
aggregation of the hydrophobic H segments. Nevertheless, 
with an increasing value of L1 (and therefore an enhanced 
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hydrophobic effect), the size of the bundles increases and 
the triblock comicelles aggregate in a less controlled 
manner (Figure 3).  

When the value of L2 was intermediate (DP2 = 280) and 
L1 small (L1 = 16 nm), as shown in Scheme 2(B), the steric 
hindrance also appears to become sufficient to preclude 
the possibility of parallel packing. Although the collapsed 
PDMS chains are probably partially shielded by the PtBA 
chains, particularly in the vicinity of the H-P block junc-
tions, the triblock comicelles were found to aggregate.  
The resulting supermicelles possess middle segments ori-
ented perpendicularly to each other, forming “cross” su-
permicelles (see Figure 5(E), yellow zone “C”). However, 
when the L1 value was increased, the steric hindrance is 
apparently insufficient to shield the collapsed PDMS 
chains (Scheme 2(D)), and the triblock comicelles form 
multiple “cross” supermicelles (Figure 5(E), pink “MC” 
zone) and even bundles (Figure 5(E), green “MC+B” zone).  

In contrast, in cases where the value L2 was large (DP2 = 
460 and 600), and L1 small (L1 = 16 nm or 27 nm), only 
individual triblock comicelle cylinders were observed (see 
Figure 5(E), blue “I” zone for individual cylinders). The 
combination of a short H block and long PtBA chains 
hindered aggregation under these circumstances and it is 
likely that the PtBA chains in the P block could effectively 
shield the collapsed PDMS chains in the central H seg-
ment (Scheme 2(C)). On the other hand, when L1 was also 
large, the hydrophobic interactions were sufficient for 
aggregation to be detected and multiple “cross” supermi-
celles were formed (see Figure 5(E), pink “MC” zone).  

2. General factors favoring the selective formation 
of “cross” supermicelles. 

As discussed above, for the P-H-P triblock comicelle 
building blocks, the structure of the resulting supermi-
celles can be qualitatively rationalised based on the deli-
cate energy balance arising from the interplay of L1 and L2.  
Only when the value of L1 was sufficiently small (L1 near 16 
nm) and L2 at an intermediate value (DP2 near 280), could 
“cross” supermicelles be formed (Figure 5(E)).  Otherwise, 
with larger L1 or smaller L2 (i.e. DP2) values, either multi-
ple “cross” supermicelles were formed (via the aggrega-
tion of more than two triblock comicelles through their H 
segments due to the strong hydrophobic effect), or aggre-
gation was prevented by steric hindrance, respectively 
(see Figure 5(E)).  This indicates that “cross” micelles 
could only be formed under a specific set of conditions.   

Although the conditions to produce “cross” supermi-
celles are presented for the P-H-P triblock comicelle sys-
tem, we have also found it applicable to other, related 
block comicelle systems. For example, we explored P’-H-P’ 
triblock comicelles, where P2VP was used to replace PtBA 
as the terminal polar block. When the lengths of the P2VP 
blocks were characterized by DP2’ values of 760 and 250, 
individual cylinders and “cross” supermicelles, were 
formed, respectively (Figure S4(D) and Figure 6(C)). Since 

the values of the characteristic ratio (C∞) of PtBA (9.5) 
and P2VP (9.6) are very close,22 it is reasonable to expect 
that the two kinds of polymers share similar volumes in 

MeOH. Thus, it is not surprising that the phase-diagram 
can also be applied to P’-H-P’ and P’-H’-P’ triblock comi-
celles. The supermicelles formed by the P’-H-P’ triblock 
comicelles are marked as Point 1 and 2 in Scheme 3(A), 
and both are located in the predicted zones, demonstrat-
ing the robustness of the phase-diagram.  

 

Scheme 3. (A) Illustration of the experimental results in 
the phase-diagram (The positions of these points are for 
illustration purpose and are more qualitative rather than 
quantitative). (B) Schematic illustration of the dissocia-
tion of “cross” supermicelles after quaternization of the 
P2VP chains on the P segments. 

When the P2VP corona (DP2’ = 250) of the terminal P’ 
segments was quaternized with MeI, the resulting posi-
tively charged qP2VP chains stretch (as demonstrated by 
an increase of Dh,app for a P2VP homopolymer sample in 
MeOH: see SI page S8 for details). Thus, the value of L2’ 
should effectively increase even though the DP value of 
the P2VP block would be unchanged.23 Increased steric 
hindrance from the stretched qP2VP chains should hinder 
the aggregation of the triblock comicelles, ultimately 
leading to the dissociation of the “cross” supermicelles 
into individual cylinders (Figure 6 (D)) (Scheme 3(B)). 
Thus, in the phase-diagram shown in Scheme 3(A), the 
triblock comicelles might be considered to effectively 
move from point 2 in zone “C” to a position in zone “I” 
such as point 3 (chosen for illustrative purposes). Howev-
er, electrostatic repulsions also likely play a key role in the 
dissociation of the cross micelles and these are not taken 
into account in the simple model used here. 

Similarly, when P’-H’-P’ triblock comicelles were incor-
porated into the phase diagram, “cross” supermicelles 
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should be formed (point 4 in Scheme 3(A)), and these 
were indeed observed by TEM (see Figure 6(E)). After 
crosslinking of the central H’ segments, the “cross” su-
permicelles were robust and stable even in the presence 
of a good solvent for the PFS core (Figure 6(F)). These 
observations demonstrate the relative robustness of the 
phase-diagram and highlight the conditions for producing 
“cross” supermicelles.  

 “Cross” supermicelles prepared in this work represent 
well-defined superstructures with uniform size and archi-
tecture (i.e. four arms with identical length) that are ac-
cessible from the hierarchical self-assembly of am-
phiphilic block comicelles. The approach that we have 
developed is a versatile method with which to produce 
these uniform superstructures in high yield, and their 
existence in solution state has been demonstrated by 
LSCM observations. The size of the “cross” supermicelles 
can be controlled from several hundred nanometers (Fig-
ure 5(B)) up to several micrometers (Figure 7(A-C)) simp-
ly by the addition of further unimers to the termini of the 
micelle cores at the ends of the arms. Furthermore, not 
only can the size be increased, but block co-supermicelles 
with segmented structures can be prepared by the addi-
tion of unimers derived from other PFS-containing BCPs. 
This is demonstrated by growing another green-dye-
labeled PFS-b-P2VP-DG segment at the termini of these 
“cross” supermicelles, as shown in Figure 7(D-F).  

Summary 

An example of hierarchical assembly of amphiphilic BCP 
micelles into complex higher-level structures has been 
studied in detail. Monodisperse cylindrical block comi-
celles bearing hydrophobic central segments (H or H’) 
and polar end segments (P or P’) were prepared via living 
CDSA.  The length and the positions of these segments 
were accurately controlled.  The cylindrical block comi-
celles were assembled in polar solvents via hydrophobic 
interactions and various interesting and complex super-
micellar structures were obtained. We focused on the 
formation of “cross” micelles and their formation can be 
rationalized by the influence of two factors: the hydro-
phobic interactions of the insoluble coronal block on the 
central hydrophobic H or H’ segment, and the steric re-
pulsions from the soluble coronal block on the polar ter-
minal P or P’ segment. A phase-diagram has been con-
structed based on the interplay of these two factors and 
the supermicellar structures observed and this allows the 
predictable formation of uniform “cross” supermicelles.  

Although the methodology described here was based on 
PFS-containing BCPs and the use of organic media it 
should be extendable to aqueous systems and to the 
emerging group of other crystalline-coil BCPs and related 
amphiphiles that undergo seeded growth processes anal-
ogous to living CDSA.21 This should allow access to a vari-
ety of well-defined “cross” supermicellar structures with a 
wide range of functionality. The novel “cross” architec-
tures accessible may be useful as models of biological 
structures such as chromosomes or as building blocks for 
the creation of yet more complex hierarchical materials 

using living CDSA from the core termini of the micelle 
arms.   
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