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Block copolymers can yield a diverse array of nanostructures. Their assembly structures are influenced by their inherent struc-
tures, and the wide variety of structures that can be prepared especially becomes apparent when one considers the number of
routes available to prepare block copolymer assemblies. Some examples include self-assembly, directed assembly, coupling, as
well as hierarchical assembly, which can yield assemblies having even higher structural order. These assembly routes can also
be complemented by processing techniques such as selective crosslinking and etching, the former technique leading to perma-
nent structures, the latter towards sculpted and the combination of the two towards permanent sculpted structures. The combi-
nation of these pathways provides extremely versatile routes towards an exciting variety of architectures. This review will at-
tempt to highlight destinations reached by LIU Guojun and coworkers following these pathways.

block copolymers, self-assembly, chemical processing, crosslinking

1 Introduction

Block copolymers consist of two or more polymer chains
(defined as blocks), which are covalently linked together.
Because of this covalent linkage of two or more polymer
chains, block copolymers provide versatile building blocks
for a diverse variety of molecular structures [1, 2]. Different
polymer chains are often incompatible and tend to segregate
from one another. Since copolymer blocks are linked to-
gether, this segregation is restricted somewhat and is thus
described as microphase segregation [1, 3, 4], which occurs
between different copolymer blocks under various condi-
tions and among copolymers either dispersed in solution or
in the solid state. This segregation behavior can be governed
by the incompatibilities between different blocks (charac-
terized by the Flory-Huggins interaction parameter, y) and
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is also influenced by the volume fractions (f) of these co-
polymer blocks [3-6]. The final morphology typically gains
curvature via transitions from lamellar to cylindrical and
eventually spherical morphologies as the block distribution
becomes less symmetric. The morphologies can become
more complex among triblock and higher multiblock copo-
lymers [2, 7-10]. Meanwhile, the rigidity of a given block
can also influence the copolymer’s final assembly structure
[11]. Block copolymers can thus yield a diverse range of
nanostructures through self-assembly [6, 12, 13], or they can
also be manipulated by external fields [14-22], templates
[23-27], or other applied influences [28-30] toward a desired
architecture via directed assembly [31-33]. In the solid phase,
intricate block-segregation patterns are observed among sol-
id-films [34], and even within solid microsphere particles [35,
36]. Significant attention has been directed toward block co-
polymer assembly in the solid state, particularly as films, and
has been highlighted in reviews by Hamley [37], Tsarkova et
al. [38], Zhang et al. [34], Albert and Epps [39], Fasolka and
Mayes [40], and by Green and Limary [41].
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1.1 Micellar block copolymer assembly

Selective solvents are those which dissolve only certain
blocks of a block copolymer, but not the other blocks. If a
block copolymer is dispersed in a selective solvent, the in-
dividual copolymer chains (or unimers) may aggregate to-
gether to form micelles. These aggregated micelles can be
in equilibrium with the unimers when the copolymer ex-
ceeds its critical micelle concentration (CMC), while the
unimers may predominate at lower concentrations [42]. In
general, the poorly soluble blocks will collapse to minimize
their exposure to the solvent, while the soluble blocks will
stretch as they extend into solution. In a relatively simple
case involving a diblock copolymer, the copolymer may
form a core-corona (sometimes called core-shell) micelle, in
which the collapsed insoluble block forms the micellar core
at the center of the micelle, while the soluble block forms
the corona that surrounds the core and extends into solution
(Scheme 1).

Micellar assembly in solution is generally more complex
than solid state assembly, as the relative solubilities of the
component blocks with the prevailing solvent can determine
the morphologies of block copolymer micelles and their
derivatives, particularly within block-selective solvents. In
addition, the degree of swelling of a particular copolymer
block is also influenced by its solubility, which adds further
diversity to the potential assembly structures. The diverse
array of block copolymer morphologies available from as-
sembly in solution was demonstrated by Zhang and Eisen-
berg et al. [43, 44], who observed six different morpholo-
gies among a series of polystyrene-block-poly(acrylic acid)
(PS-b-PAA) copolymers with varying block ratios within a
block-selective solvent. The differing solubilities of the in-
dividual copolymer blocks can also contribute to the com-
plexity of their assembly structures, even when these solu-
bility differences are only subtle. In addition to core-corona
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Scheme 1 Micelle formation by the aggregation of a diblock copolymer
(top) in a selective solvent. In this example, the insoluble block (red) col-
lapses to form the micellar core, and the soluble block (blue) forms the
corona chains that extend into solution. The micellar structures shown here
include a cross-sectional view of a spherical micelle (bottom left), a cylin-
drical micelle (bottom center), and a cross-sectional view of a vesicular
micelle (bottom right).
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morphologies, block copolymer micelles can also exhibit
highly intricate multicompartment morphologies, such as
“sphere on sphere” raspberry structures, hamburger micelles,
segmented cylinders, or various other elaborate structures [8,
45]. Multicompartment micelles generally require two
core-forming (or alternatively corona-forming) blocks, and
thus most examples are formed from mixtures of block co-
polymers, ABC triblock or multiblock copolymers, or mik-
toarm copolymers. Moughton and coworkers [8] have re-
cently authored a detailed review of multicompartment mi-
celles, while Walther and Miiller [45] have recently written
an extensive review of Janus assemblies, including those of
Janus micelles.

1.2 Focus of this review

This review will focus on block copolymer assembly strate-
gies employed by the Liu group shown in Scheme 2, such as
self-assembly, crosslinking [46], structural etching [47, 48],
and hierarchical assembly [49], and will also include exam-
ples of structural destinations that can be reached through
these pathways. The majority of the examples highlighted in
this review will have been prepared in solution as micelles
or through micellar precursors. Although the main emphasis
will involve examples prepared in by Guojun Liu and
coworkers, relevant work from other researchers will be in-
cluded as well. This combination of synthetic, self-assembly,
and processing strategies leads to a diverse range of block
copolymer nanostructures, including microspheres [35, 50,
51], nanospheres [52, 53], bumpy spheres [54, 55], vesicles
[56, 57], tadpoles [58—60], macrocycles [61], nanofibers [62,
63], nanotubes [64, 65], thin films containing nanochannels
[66—-69], miktoarm copolymers [70], helices [71-73], cross-
linked polymer brushes [74], and Janus particles [75]. These
structures also have a variety of potential applications, such
as drug delivery [76], separations [77, 78], assay systems
[51, 55], as catalysts [79], materials for superamphiphobic
surfaces [80, 81], and improved friction reduction among
lubricating oils [82, 83].

2 The roads: self-assembly, directed assembly,
crosslinking, and structural etching

Most block copolymer nanostructures prepared in our lab
are initially prepared through three general steps including
polymer design, synthesis, and assembly (Scheme 2) [84].
The third step may involve either self-assembly [6, 12,
85-89] or directed assembly [23, 31, 90], with the block
copolymers as the building blocks. At this stage the block
copolymer building blocks assemble into ordered structures
such as micelles in solution [42, 91, 92] or as solid films
[37], and this process is normally accompanied with mi-
crophase segregation. Alternatively, architectural polymer
nanostructures are formed individually from their unimers
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Scheme 2 Routes followed by Liu et al. towards various block copolymer nanostructures. A common route towards most of our structures involves poly-
mer design, synthesis, and assembly to prepare micelles or block-segregated solids via either self-assembly or directed assembly. Often, crosslinking is per-
formed to obtain permanent nanostructures. This can then be followed by degradation or etching to yield permanent sculpted nanostructures. Permanent
nanostructures or permanent sculpted nanostructures may be coupled with other nanostructures (either similar or different) to produce coupled nanostructures.
In some cases nanostructures may behave as building blocks for a second assembly process, or a hierarchical assembly, thus leading to hierarchical structures.
Alternatively, a block copolymer may undergo molecular assembly to form architectural polymers that are based on individual unimers rather than assem-

blies of multiple polymer chains.

via intrachain assembly, rather than the aggregation of mul-
tiple unimer units [93-95]. These intrachain, or molecular,
assemblies are often subjected to chemical processing such
as crosslinking or sculpting to yield the final architectural
polymer structure. These processing techniques are also
employed for self-assembly and directed assembly aggre-
gates of multiple polymer chains.

In our lab, crosslinking is normally employed as a fourth
step to permanently lock the assembly structures. Such
crosslinking is applied selectively to a block or domain that
is responsive to the crosslinking technique (such as selec-
tively locking PCEMA domains via photocrosslinking).
Some examples of permanent nanostructures prepared this
way include nanospheres [46], microspheres [35], and nan-
ofibers [62, 96]. Crosslinking is sometimes followed by a
degradation step, which involves selectively etching do-
mains to yield void spaces or channels in the nanostructure
to yield permanent sculpted structures. Members of this
family include porous or hollow spheres [76, 97], nanotubes
[64], and thin films containing nanochannels [66]. Sculpted
nanostructures or permanent sculpted nanostructures can
provide ideal hosts for guests such as organic molecules [76]
or transition metals [52]. Alternatively, this process also
yields porous nanostructures [50, 65, 98] and membranes
[66-69], which may be used for separations or for absorbing
contaminants from their surroundings [77, 78, 99].

Permanent nanostructures or permanent sculpted
nanostructures may be coupled together, or they may un-
dergo hierarchical assembly to yield more complex nano-
structures. Hierarchical assembly in this case involves the
assembly of nanostructures to form even more complex
ordered nanostructures, or “superstructures”. This process is
thus a higher order analog of block copolymer self-assembly,
with block copolymer nanostructures serving as building
blocks. A hierarchical analog of directed assembly can also

be performed, as controlled (or programmed) hierarchical
assembly [49, 100]. In our lab, the coupling process typi-
cally involves the linkage together of two or more individu-
al nanostructures [101, 102]. Thus the individual
nanostructures serve as intermediate units of a more com-
plex, hybrid nanostructure. In comparison, coupling is typi-
cally a chemical processing step performed actively by the
designer, while hierarchical assembly often requires less
input as it is an upper-tier analog of self- or directed assem-
bly. The coupling process is sometimes followed by hierar-
chical assembly, with coupled structures aggregating to-
gether to form hierarchical systems [101, 102].

2.1 Micellar structures from block copolymer self-
assembly

Great interest in block copolymer micelles has arisen since
Eisenberg and coworkers [43, 44] demonstrated the diverse
range of micellar morphologies available through assembly
in block-selective solvents. Micelles are among the most
common block copolymer assembly structures observed in
solution, and are highlighted in reviews by Eisenberg et al.
[103, 104], Tuzar and Kratochvil [105], Mortensen[106],
Riess [42], Zhulina and Borisov [107], and by Leroux and
coworkers [108]. The formation of polymer-based assem-
blies into various shapes bearing hair-like corona chains
was recently reviewed by Chen [109]. Examples of micellar
block copolymer assemblies have been prepared by the Liu
group as well. Recently, Liu prepared a diverse range of
micelles and micelle-like aggregates (MAs) from a single
triblock copolymer, poly(tert-butyl acrylate),q;-block-poly(2-
cinnamoyloxyethyl methacrylate),q3-block-poly(glyceryl
monomethacrylate)lu (PtBA107-b-PCEMA193-b-PGMA1 155
where the subscripts indicate the repeat unit numbers) [110].
In particular, micelles of PtBA y;-b-PCEMA 93-b-PGMA |5
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were prepared in solvent mixtures of pyridine and methanol.
While all three blocks are soluble in pyridine, methanol is
selective for the terminal PtBA and PGMA blocks. Typi-
cally, the copolymer was dispersed into a gently heated so-
lution mixture and stirred for two days. The structures of the
resultant micelles varied according to the methanol volume
fraction in the solution mixture (fyreon), yielding spherical
and cylindrical micelles when fy.on was 80% and 90% re-
spectively (Figure 1(b) and (c), respectively). In each of
these structures, the PCEMA domain formed the micellar
core and the PtBA and PGMA blocks formed the corona. At
higher fyieon values of 95% and 100%, vesicular (Figure
1(d)) and tubular (Figure 1(e)) structures formed, respec-
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Figure 1 Structure of PtBA-b-PCEMA,,-b-PGMA,, (a). TEM images of
spherical micelles (b) and cylindrical micelles (c), vesicles (d) and tubular
micelle-like aggregates (MAs) (e) prepared in pyridine/methanol disper-
sions with fyreon = 80%, 90%, 95%, and 100%, respectively. In these imag-
es the PCEMA domains were selectively stained using either RuO, (image
b) or OsO, (images c—e) vapor [110]. Proposed structures of PtBAy-b-
PCEMA 93-b-PGMA ;5 vesicle-shaped (f) and tube shaped (g) MAs pre-
pared in pyridine/methanol solvent mixtures with fyeon = 95% and 100%,
respectively. The collapsed PCEMA domains formed the structural wall,
while the majority of the external and internal corona chains were PGMA
and PtBA, respectively. The coronas were not completely uniform, with
small percentages of PtBA and PGMA chains localized on the external and
internal walls. Since PtBA and PGMA are highly incompatible, the PtBA
and PGMA domains were segregated from one another, with the minor
PtBA components forming circular patches on the external surface [110].
Reprinted with permission from Ref. [110]. Copyright 2008 American
Chemical Society.
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tively. The walls of both the vesicles and the hollow tubes
were composed of PCEMA. Meanwhile, the majority of the
corona chains on the exterior and interior surfaces of these
structures were PGMA and PtBA chains, respectively (Fig-
ure 1(f) and (g)). However, these external and internal sur-
faces were not completely uniform, with minor components
of PtBA present on the exterior and PGMA on the interior.
Since the PtBA and PGMA corona chains were highly in-
compatible with one another, they underwent block-segrega-
tion, with the PtBA domains forming circular patches on the
external PGMA surface.

Although micelles are often composed of identical
unimers, they can also be prepared from mixtures of differ-
ent block copolymer building blocks [111-119] or copoly-
mer/homopolymer mixtures [120-123]. Such mixed aggre-
gates have been highlighted in recent reviews by Yang et al.
[124], and by Gohy and coworkers [125]. Some examples
of mixed aggregates have been prepared by Liu and
coworkers [126, 127]. In these examples, the unimers were
AB and AC diblock copolymers, having one identical and
one differing block. The common block would typically
form the micellar core, while the differing blocks yielded a
block-segregated corona. This may be considered as an al-
ternate route towards nanostructures bearing intricate seg-
regation patterns instead of using triblock copolymers, with
a mixture of diblock copolymers forming the building
blocks instead of a single triblock copolymer. Elaborate
assemblies can also be prepared from block copolymer
mixtures via emulsification strategies [54, 55], and an ex-
ample is provided later in Section 2.2.1.

2.1.1 Segmented cylinders and hamburgers

Hamburger micelles are examples of multicompartment
micelles consisting of distinct domains such as a central
“meat filling” domain sandwiched between two “bun” do-
mains, thus resembling a hamburger (Figure 2). Li and
coworkers [128] prepared hamburger micelles and seg-
mented cylinders from p-ABC miktoarm copolymers con-
sisting of hydrophilic, a hydrophobic, and fluorinated
chains.

Hamburger micelles and segmented cylinders can be
prepared from linear block copolymers as well. For example,
a series of hamburger-like micelles and segmented cylinders
based on the triblock copolymer PtBA;p-b-PCEMA 95-b-
PSGMA |5, where PSGMA corresponds to poly(succinated
glyceryl monomethacrylate), was recently reported by
Dupont and Liu [75]. The triblock copolymer was suspend-
ed into solvent mixtures of tetrahydrofuran (THF) and either
1- or 2-propanol. The three blocks were soluble in THF,
while the terminal PtBA and PSGMA blocks were soluble
in all THF/alcohol mixtures. Meanwhile PCEMA was in-
soluble in solvent mixtures with 1- or 2-propanol volume
fractions (fyropanol) = 95%. Although all blocks were soluble
in THF, the PSGMA block collapsed upon complexation
with (—)-sparteine. To prepare the aggregates, PtBAo-b-
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Figure 2 Schematic diagram of half of a hamburger-like micelle (a) and
a segmented cylinder (b). The PSGMA block formed the hamburger filling,
while the PCEMA domains formed the hamburger buns. The PtBA do-
mains extended from the hamburger buns into the THF solvent. The seg-
mented cylinders were similar to hamburger-like micelles, except that they
consisted of multiple hamburgers that became fused together through the
PCEMA buns [75]. TEM images showing samples composed primarily of
hamburgers (c) and segmented cylinders (d). These samples were sprayed
from mixtures of THF/(—)-sparteine/1-propanol (c) or THF/(-)-sparteine/2-
propanol (d). In both cases fyropanol Was 95%, and the samples were stained
with OsO4. In image (c), the arrows with circular ends show vesicular
aggregates, while the regular arrows show hamburgers sitting upright [75].
Reprinted with permission from Ref. [75]. Reprinted by permission of the
Royal Society of Chemistry (RSC).

PCEMA 95-b-PSGMA ;5 was dissolved in a small amount
of THF, and (-)-sparteine was subsequently added in a
small amount of propanol, causing collapse of PSGMA.
More propanol was added until fyopanol reached 95%, induc-
ing the PCEMA block to collapse. The choice of selective
solvent influenced the dominant morphology. Hamburgers
were dominant when 1-propanol was used, while segmented
cylinders dominated when 2-propanol was chosen.

In addition, (-)-sparteine complexation with the PSGMA
block played a key role, as it diminished the solubility of the
PSGMA block and induced its collapse. Therefore, before
the collapse of the PCEMA domains by the addition of the
remaining propanol, the complexed PSGMA domain
formed a micellar core, with the (—)-sparteine essentially
serving as a template helping to direct the micellar assembly.
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The use of complexing agents to induce micellization or
alter micelle behavior has been used by Kataoka and Harada
[117], Kabanov et al. [129—-131], Pochan et al. [132-135],
Shi et al. [136], and by numerous other researchers
[137-141]. The solubility of the PSGMA block was also
important. As mentioned above, the PSGMA block was
soluble in THF, but only collapsed from solution upon
complexation with (—)-sparteine. Because of this inherent
solubility, the PSGMA domains were solvated with THF
and the interfacial tension between PSGMA and the sur-
rounding solvent was low. This allowed the PSGMA do-
mains to remain somewhat exposed to the solvent, thus
yielding hamburger-like micelles rather than spherical mi-
celles with PSGMA isolated to the core. Dupont and Liu
[75] proposed that the segmented cylinders formed due to
fusion of hamburgers through their PCEMA buns as they
approached one another.

2.1.2 Twisted cylinders and helical block copolymer as-
semblies

While common block copolymer architectures include cyl-
inders, spheres, and vesicles, examples of block copoly-
mer-based helices have also been reported by various re-
searchers [135, 142-147]. Such systems have also been
highlighted in recent reviews by Ho and coworkers [148,
149], while Yashima er al. [150] have recently reviewed
helical polymers in general. Helical block copolymer mor-
phologies have been observed in the solid state [142],
among spatially confined cylinder-forming block copolymers
[145, 151], as well as in selective solvents [143]. Recently,
Liu et al. reported helical assemblies of ABC triblock ter-
polymers in solvents that were selective for the terminal A
and C blocks [71], or among other triblocks for which the
solvent quality was marginal for the A block, poor for the
central B block, and good for the C block [72, 73]. Twisted
cylinders were observed in the former example, while dou-
ble and triple helices formed in the latter case. For example,
PBMA,-b-PCEMA,,-b-PtBA, (where n = 350, m = 160, and
n = 160 or alternatively where n = 240, m = 120, and n =
120, respectively, and PBMA corresponds to poly(butyl
methacrylate)) formed helices in solvents of marginal, poor,
and good respective qualities for the PBMA, PCEMA, and
PtBA blocks [72, 73]. The copolymer was initially dis-
persed into a good solvent, and then a selective solvent was
added. After selective solvent addition, the sample solution
was tightly sealed over an extended period to prevent sol-
vent evaporation. During this period, the micelles gradually
formed helical structures. Interestingly, these systems
formed double helices as the major product, along with tri-
ple helices as minor products. Although multiple helices
(i.e., double or triple helices) have been prepared previously
from block copolymers in the solid state [152, 153] and in
solution [135], this appears to be the first report of block
copolymers forming multiple helices as the dominant spe-
cies from solution self-assembly [72]. Multiple helical
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structures were also observed under these special solvent
conditions for the above copolymers if their PtBA block had
been either partially or fully hydrolyzed into PAA.

During the helix development (typically occurring over
~4-6 weeks) [72, 73], the PBMA,-b-PCEMA,,-b-PtBA,
copolymer initially formed spherical micelles, which gradu-
ally became fused, yielding short cylindrical micelles (Fig-
ure 3). These cylinders grew into longer curved cylinders,
which became intertwined with one another to yield double
and triple helices. The cores of the initial spherical micelles
consisted of PCEMA, while PBMA and PtBA formed their
corona. The marginally soluble block played a key role in
the multiple helix assembly under these special solvent
conditions. The cylinders became intertwined so that the
marginally soluble PBMA domains from different cylinders
could associate with one another, thus reducing exposure to
the surrounding solvent. Liu and coworkers proposed a
packing scheme for these double (and triple) helices, as
shown in Figure 3f. Due to the slow kinetics of this assem-
bly process, the observed was highly dependent on the
time-span provided for the structure to evolve. The influ-
ence of kinetic trapping on achieving exotic assembly
structures through different pathways has recently been re-
viewed by Hayward and Pochan [154].

In summary, a wide range of block copolymer
nanostructures can be prepared via self-assembly. The
careful use of block-selective solvents [73, 103], kinetic
control [133, 154-156], or also the incorporation of com-
plexation agents [75, 135, 157, 158], are some examples of
how such morphological arrays can be expanded. While the
highlighted examples were prepared as micelles in selective
solvents, it is noteworthy that elaborate self- and directed
assembly structures are also available through emulsifica-
tion-evaporation [23] and solid film techniques [37]. It will
be shown in subsequent sections that these already diverse
morphological destinations reached through self-assembly
can be expanded even more through crosslinking, sculpting,
and coupling processes, or also via hierarchical assembly.

2.2 Crosslinking: a road toward permanent structures

Although block copolymer micelles typically have better
stability [154] than micelles of traditional surfactants, they
are still susceptible to dissociation, particularly if they are
subjected to elevated temperatures, change of solvent, or
dilution [159]. Meanwhile, crosslinking can convert block
copolymer assemblies into permanent structures resistant to
either disassembly or morphological transitions. Block co-
polymer micelles can accommodate selective crosslinking if
they contain both responsive and non-responsive blocks to a
particular crosslinking method. Early examples of micellar
crosslinking were applied to the micellar core [160, 161],
and the first group to stabilize block copolymer micelles by
this strategy was that of Tuzar et al. [160]. In their first re-
port, they used photochemical crosslinking to stabilize
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Figure 3 TEM images of PBMA;s0-b-PCEMA -b-PtBA s samples
taken at various stages of their development into double and triple helices
in dichloromethane/methanol solvent mixtures, with fyeon = 82%. Image
(a) shows a mixture of spherical and cylindrical aggregates that were col-
lected after 1 day of aging. In image (b) it is apparent that the cylinders
became longer and began to curve. Image (c) shows a sample which had
been aged 16 days, when the curved cylinders began to cross over one
another (long arrow), and to form helices (shown by the short arrow). Im-
age (d) shows a sample which was aged 24 days, when extended double
helices were visible, with an example highlighted by the arrow. A sample
aged for 3 months is shown in image (e) showing double helices as the
major product, while triple helices (highlighted by the arrows) were also
present. The samples shown above were stained with OsO,, which is selec-
tive for the PCEMA domains[72]. A schematic diagram of the chain pack-
ing of a double helix composed of intertwined PBMA-b-PCEMA-b- PtBA
cylinders is also shown (f). The PCEMA domains (light grey) form the
cores of the cylinders, while PBMA (black) and PtBA (dark grey) form
their coronas. The PtBA and PBMA domains are segregated somewhat,
with the soluble PtBA chains favoring the exposed sides of the cylinders,
and the PBMA domains favoring the sides facing the other cylinder, in
order to reduce their contact with the solvent. Reprinted with permission
from Ref. [72]. Copyright (2009) John Wiley & Sons.
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core-corona micelles of polystyrene-block-polybutadiene
(PS-b-PB) in solvent mixtures selective for the PS block.
This photocrosslinking strategy took advantage of the dou-
ble bonds available within the collapsed PB core. Photo-
crosslinking was performed using UV irradiation and
dibenzoyl peroxide as a photoinitiator. The crosslinking was
applied here to stabilize the micelles for light scattering
characterization, rather than as a synthetic strategy to pre-
pare new materials as permanent structures. A limitation
encountered was that the crosslinked micelles became in-
soluble in organic solvents once they were dried [160].

In the Liu lab, crosslinking was often accomplished by in-
corporating poly(2-cinnamoylethyl methacrylate) (PCEMA)
as a copolymer block. PCEMA can readily undergo [2+2]
cycloaddition upon UV irradiation at 274 nm [162]. This
hydrophobic polymer tends to collapse in many solvents,
often forming a solid micellar backbone. While the Liu
group was the first to use this particular block as a photo-
crosslinkable unit within block copolymer micelles, the
preparation and photocrosslinking of the PCEMA homo-
polymer was initially reported by Kato er al. [162]. Alt-
hough crosslinking was employed earlier by researchers
such as Tuzar et al. [160], Ishizu ef al. [163-165], and by
Wilson and coworkers [161], to stabilize block copolymer
micelles for characterization purposes, the Liu group [46,
166] were the first to use micellar crosslinking as a synthet-
ic strategy toward a diverse array of structures. This route
initially provided us with nanospheres and star-polymers as
permanent structures from their micellar precursors [46].
Additionally, these crosslinked structures were readily
re-dispersed in solution. Since that report, Liu et al. applied
this strategy to prepare a diverse array of dispersible per-
manent structures, including nanofibers [62], nanotubes [64,
65], solid spheres [35, 77, 167], hairy and partially or fully
shaved hollow spheres [48], tadpoles [58, 59], imprinted
tadpoles [60], macrocycles [61], and various other struc-
tures [54, 55].

While initial block copolymer micellar crosslinking ap-
proaches were applied to the micellar core, nanospheres
with crosslinked shells have also been prepared. Wooley et
al. [168, 169] developed at almost the same time as Liu and
coworkers a shell-crosslinking synthetic approach. Various
crosslinking strategies have been developed to stabilize
block copolymer micelles, and are often chosen according
to the functional groups available in the crosslinkable block.
In addition to UV-visible crosslinking, other crosslinking
strategies involving amidization [70], disulfide bridges
[170], “click” chemistry [171], and organometallic cross-
linkers [172] have been reported. While traditional cross-
linking bridges served primarily to stabilize a block copol-
ymer micelle, some recent reports have utilized crosslinking
agents with inherent activity (such as catalytic [172] proper-
ties) allowing the crosslinker to serve a dual role, by both
providing structural reinforcement and also imparting fur-
ther functionality into the nanostructure [159]. Crosslinking
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has also provided an effective route toward elaborate struc-
tures, such as Janus micelles [173] by locking in the phase
separation between two domains and allowing an assembly
to retain its structure upon dispersal into solution or a dif-
ferent solvent [173, 174]. Recent progress involving block
copolymer micellar crosslinking has been highlighted in
reviews by O’Reilly et al. [159], Read and Armes [175],
and by van Nostrum [176].

2.2.1 Microspheres and nanospheres

Traditionally spherical block copolymers or micelle-like
aggregates have been the most widely reported morphology
[105]. In a block-selective solvent, these would typically
consist of a core and a corona with a collapsed, insoluble
core and a soluble corona. The nanospheres and micro-
spheres prepared in the Liu lab were often derived from
block copolymer micelles [47], which were subsequently
crosslinked to “lock in” their structures. While a block co-
polymer micelle is in equilibrium between the aggregate
and its unimer chains, nanospheres and microspheres are
stable structures that resist dissociation into their unimer
building blocks.

In addition to micellization, crosslinked block copolymer
microspheres have also been prepared via emulsification
[35]. In these cases, the emulsion droplets can serve as tem-
plate to help direct the assembly toward the targeted
nanostructure. The ability of amphiphilic block copolymers
to behave as surfactants can prove particularly effective for
achieving assembly at the interfaces between emulsion
droplets and the continuous phase. Recently Liu ef al. [55]
prepared water-dispersible superparamagnetic microspheres
bearing two types of surface chains. These particles resem-
bled bumpy nano- and microspheres reported earlier by the
Liu group [54], which were also prepared by emulsification.
v-Fe,O3 nanoparticles were coated with PAA-b-PCEMA,
with the PAA facing the nanoparticles and the PCEMA
block forming the surface, in a similar manner as applied
toward singly coated cobalt nanoparticles [100]. These na-
noparticles were dispersed into chloroform, along with
PCEMA homopolymer, which would eventually form the
cores of the bumpy spheres prepared as shown in Scheme 3.
Photocrosslinking yielded permanent structures by binding
the PCEMA blocks of the two surfactant copolymers to the
PCEMA matrix of the core. The combination of emulsifica-
tion and evaporation also provides a powerful route towards
a diverse range of architectures, which can often be made
permanent through crosslinking [35]. An important concept
behind the emulsification technique relies on block copol-
ymers being either confined within an emulsion droplet or
aggregating at the interface between the droplet and the
continuous phase. Some examples may incorporate block
copolymers both within the droplet and at the interface
[177], with the latter interfacially confined block copoly-
mers serving as surfactants and stabilizing the emulsion
droplet [35, 177]. Whether a copolymer assembles at the
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Scheme 3 Preparation of superparamagnetic microspheres with bumpy
surfaces. An oil-in-water emulsion is prepared, with the oil phase consist-
ing of PCEMA-b-PAA coated y-Fe,O; nanoparticles and PCEMA dis-
persed into chloroform (A—B). Meanwhile, the surfactants PGMA-b-
PCEMA and PSGMA-b-PCEMA dissolved in the aqueous phase stabilize
the oil droplets. Once the droplet is stable, the incompatible PGMA and
PSGMA chains form segregated domains on the droplet surface (B->C).
Chloroform evaporation yields solid particles with the copolymer-coated
v-Fe,O; nanoparticles mixed in a PCEMA matrix. As the emulsion droplet
becomes smaller during the evaporation, the PSGMA domains (green)
form bumps due to repulsions between the PSGMA carboxyl groups (C—
D). The structure is locked in by photocrosslinking the PCEMA domains,
yielding permanent structures with the surfactant copolymers covalently
bound to the core (D—E) [55]. Reprinted with permission from Ref. [55].
Copyright (2011) American Chemical Society.

droplet interface or is confined within a droplet can depend
largely on the properties of the block copolymer. For exam-
ple, an amphiphilic block copolymer can readily aggregate
at the interface between the aqueous and the oil phases [177,
178]. Meanwhile, a block copolymer consisting of two hy-
drophobic blocks may be confined within the oil droplets of
an oil-in-water emulsion [179, 180]. The influence of
spherical confinement encountered in the latter case can
yield unique nanostructures that are not observed in bulk.
Further details on the role of emulsification in directing
block copolymer assembly are highlighted in a recent re-
view [23].

The combination of the segregated carboxyl-bearing
PSGMA domains on the emulsion and the magnetic proper-
ties provided by the embedded y-Fe,O; particles may allow
potential applications in assays. The carboxyl-bearing
PSGMA domains could bind to proteins, while these parti-
cles could also be captured by a magnet, and thus easily
separated from an assay solution. Liu et al. [55] demon-
strated this by binding bovine serum albumin (BSA) to the
nanoparticles. In addition, anti-BSA could also bind with
BSA that was immobilized onto the microsphere’s surface.
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Recently Liu er al. [83] prepared spherical micelles and
nanospheres of the diblock copolymer poly[(2-ethylhexyl
acrylate)-ran-(tert-butyl  acrylate)]-block-poly(2-hydroxy-
ethyl acrylate) (P(EXA-r-tBA)-b-PHEA) and various deriv-
atives, which have improved friction reduction properties in
an industrial base oil (Exxon Mobile EHC-45). To prepare
most of these derivatives, the PHEA block was reacted with
cinnamoyl chloride, thus replacing the PHEA units with
crosslinkable poly(2-cinnamoyloxyethyl acrylate) (PCEA)
units. In EHC-45 oil these copolymers formed micelles in
which the PHEMA derivative block acted as the core while
the P(EXA-r-tBA) block or its derivatives formed the coro-
na. Meanwhile, nanospheres of these copolymers were also
prepared by photo-crosslinking their PCEA cores in selec-
tive solvents for the P(EXA-r-tBA) derivative block. This
crosslinking treatment was not performed in the EHC-45 oil,
as it had photosensitive components.

The nanospheres and spherical micelles were then dis-
persed into the EHC-45 base oil to conduct friction reduc-
tion testing using a mini-traction machine. The ability of
these block copolymer systems to reduce friction was com-
pared to that of glyceryl monooleate (GMO) which is often
used as an oil additive to help reduce friction between sur-
faces. The mini-traction machine used to measure the fric-
tion reductions of the block copolymer micelles and nano-
spheres on the oil included a stainless steel ball which was
pressed against a stainless steel disk, which were both im-
mersed into an oil reservoir (Figure 4). Both the ball and the
disk were driven by motors, allowing them to rotate inde-
pendently of one another at differing rotation speeds of Uy,
and Uy, respectively. The entrainment speed (U) represented
the average of these two rotation speeds.

The degree of crosslinking was an important factor in-
fluencing the effectiveness of these nanostructures. Alt-
hough the spherical micelles or nanoparticles required a
crosslinkable core to aid friction reduction, the effectiveness
diminished as the degree of crosslinking increased. Liu ef al.
attributed this trend to the PCEA core behaving as an elas-
tomer at low crosslinking degrees. These elastomers could
change their shape under physical stress without undergoing
chemical decomposition. Apparently, the more heavily
crosslinked cores were too rigid to readily change their
shape under stress, reducing their effectiveness. However,
systems lacking crosslinkable domains in their cores did not
effectively reduce friction. In contrast, those bearing cross-
linkable PCEA domains were effective, even if they had not
been photo-crosslinked. Apparently, the non-crosslinked
PCEA core underwent a small degree of thermally-induced
crosslinking during the friction reduction studies, which
were conducted at 100 °C. As this serves to demonstrate,
control of the degree of crosslinking can be of critical im-
portance for determining the properties of a permanent
nanostructure. This case also provides an example of the
applications that block copolymer nanostructures can pro-
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Figure 4 The mini-traction machine used to measure the effect of block
copolymer nanoparticles on the friction between a stainless steel ball and a
stainless steel disk that is immersed into an oil reservoir. The ball and the
disc were able to rotate at different speeds (U, and Uy, respectively) with
respect to one another. The entrainment speed (U) was defined as the av-
erage of these two speeds. The ball was pressed against the disk with a
force of 35 N, and measurements were taken at a temperature of 100 °C
(top image). An expanded image of spherical micelles between the surfaces
of the stainless steel ball and the stainless steel disk is also shown (bottom
image). In this image, a lightly crosslinked particle is shown to undergo
shape deformation, while retaining its structure. This particle reduces fric-
tion between the two metal surfaces by preventing their uneven protrusions
from contacting each other [83]. Reprinted with permission from Ref. [83].
Copyright (2010) Taylor & Francis Ltd.

vide, as the best performing systems in this study yielded
better friction reduction than is provided by the convention-
al BMO additive [83]. While this example demonstrates the
role that block copolymers can provide for friction reduc-
tion, the range of potential applications of block copolymers
are diverse and have recently been highlighted in a review
by Manners and coworkers [181].

2.2.2  Block copolymer nanofibers

Cylindrical block copolymer assemblies can be stabilized
through selective crosslinking to yield nanofibers. These
permanent nanostructures have diameters smaller than 100
nm, and can either be prepared in the solid state from cylin-
drical block copolymers embedded in films, or in solution
from cylindrical micelles. Block copolymer nanofibers [182]
and nanotubes [98, 182] have been highlighted in recent
reviews by Liu, although they will be briefly summarized
here as well. The first reported block copolymer nanofibers
were prepared in the Liu lab [62]. These nanofibers were
prepared from the cylinder-forming diblock copolymer pol-
ystyrene-block-poly(2-cinnamoyloxyethyl methacrylate) (PS-
b-PCEMA, fpcema ~26%). In this initial report, the nano-
fibers were prepared from solid film precursors. The co-
polymer was first dissolved into toluene, which was then
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evaporated. Subsequent evaporation of the toluene and an-
nealing of the resultant films yielded PCEMA cylinders that
were surrounded by a PS matrix (Figure 5(a)). The PCEMA
cylinders were photo-crosslinked by UV irradiation to lock
in their structures. Following this, the films stirred in THF
solution (Figure 5(b)), thus liberating the nanofibers from
the films. These dispersed nanofibers consisted of cross-
linked PCEMA cores surrounded by PS coronas, which
aided their dispersal into organic solvents.

Shortly after this report, Liu et al. also prepared block
copolymer nanofibers in solution from cylindrical micelles
[63]. Like those prepared from solid films, these nanofibers
were also prepared from a series of cylinder-forming
PS-b-PCEMA copolymers. The copolymers were dispersed
in a selective solvent for PS, and their micelles were then
“locked in” by selectively photocrosslinking the PCEMA
domains. These crosslinked micelles were subsequently
precipitated from solution to yield the nanofibers.

Liu and coworkers performed physical studies of their
block copolymer nanofibers, including fractionation, vis-
cosity studies, as well as light-scattering and TEM analysis
of their nanofibers [63, 182—186]. Liu et al. noted that if the
lengths of PS-b-PI nanofibers were not too long, their dilute
solution behavior resembled that of polymer chains, and the
viscosities of the samples decreased with decreasing shear
rate [182]. The fractionation behavior of the nanofibers par-
alleled that of polymer chains, with longer nanofibers set-
tling from solution more readily than shorter nanofibers
[183, 184]. The intrinsic viscosities of the nanofibers in-
creased dramatically as the shear rate was decreased, sug-
gesting that the nanofibers were aligned with the shearing
direction [185]. However, the nanofiber chains experienced
shear-thinning at a much lower shear rate [185] (~0.1 s’l)
than that typically observed among polymer chains, most
likely due to the larger sizes of the nanofiber chains (>10*
s’l) [187]. Ultrasonication was used to break the nanofibers
down into fractions of different lengths. This process in-
duced cleavage of the nanofibers, and thus the lengths of the
nanofibers decreased with increasing ultrasonication time.
The lengths of the nanofibers could be assessed by TEM

et (@) ; (b)

Figure 5 TEM images of a PS-b-PCEMA film, with hexagonally packed
PCEMA cylinders (aligned perpendicular to the image) surrounded by a PS
matrix. This image was recorded before crosslinking of the PCEMA do-
mains (a). TEM image of crosslinked PS-b-PCEMA nanofibers dispersed
into THF (b). The samples were stained with OsO, [62]. Reprinted with
permission from Ref. [62]. Copyright (1996) American Chemical Society.
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observation by calculating the average lengths of the nano-
fibers. In dilute solution, Liu and coworkers [185, 186]
found that the nanofibers followed predictions of the
Yamakawa-Fujii-Yoshizaki (YFY) theory, which was de-
veloped earlier to predict the behavior of worm-like poly-
mer chains [188, 189]. In particular, when Liu and cowork-
ers applied a simplified form of the YHY theory derived by
Bohdanecky [190], they obtained reasonable persistence
lengths and hydrodynamic diameters for the PS-b-PI nano-
fibers. Meanwhile, at higher concentrations, Liu and
coworkers observed that block copolymer nanofibers
formed a crystalline phase above a critical concentration.
Onsager [191] and Flory [192] have predicted that polymer
chains would form a liquid crystalline phase above a critical
concentration, provided that the polymer’s persistence
length exceeded its hydrodynamic diameter by a factor of at
least six. Liu and coworkers noted that PS-b-PCEMA nano-
fibers moved more slowly than polymer chains, due to their
larger size. For example, PS-b-PCEMA nanofibers required
mechanical shearing to induce liquid crystalline ordering.

Recently Li and Liu [193] utilized nanofibers to prepare
porous films using a layer-by-layer approach. In particular,
they prepared nanofibers bearing either pendant amines or
carboxyl groups on their outer surfaces, utilizing electro-
static interactions between these nanofibers to prepare mul-
tilayered films. This approach is analogous to layer-by-layer
[194, 195] film preparation normally performed using poly-
electrolytes. The nanofibers were prepared from poly(2-cinna-
moryloxyethyl methacrylate);;s-block-poly(tert-butyl acry-
late)ssy (PCEMA 75-b-PtBAsgy) in the manner shown in
Scheme 4 [193].

Depending on which nanofiber layer had been deposited
first, the subsequent amine- and carboxyl-bearing nano-
fibers were deposited in alternating sequences via layer-
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Scheme 4 To prepare the carboxyl- and amine-bearing nanofibers,
PCEMA-b-PtBA was dispersed into methanol, yielding cylindrical mi-
celles (A—B). The PCEMA core was crosslinked by UV irradiation to
yield nanofibers (B—C). The PtBA corona was subsequently converted to
PAA via hydrolysis (C—D), thus producing the carboxyl-bearing nano-
tubes (D). To prepare amine-bearing nanofibers, the PAA corona of the
carboxyl-bearing nanofibers was reacted with --BOC-HEDA (D—E). The
t-BOC group was then removed during a hydrolysis step (E—F), which
yielded the amine-bearing nanofibers (F) [193]. Reprinted with permission
from Ref. [193]. Copyright (2009) American Chemical Society.
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by-layer assembly. Because these layers were composed of
block copolymer nanofibers, as opposed to block copoly-
mers themselves, this layer-by-layer nanofiber deposition
could also be considered as a hierarchical assembly, which
was driven largely by electrostatic interactions between the
carboxyl- and amine-bearing nanofibers. More examples of
hierarchical assembly will be described in Section 3. These
nanofiber-based films have potential application for separa-
tions. For example, they have been shown to respectively
allow and block passage of PCEMAy-b-PtBAyy, and
PCEMA 75-b-PtBAsg, nanospheres dispersed in methanol
solution [193], with respective hydrodynamic diameters of
31 and 79 nm.

2.3 Structural etching: a road towards permanent
sculpted structures

Carving out void spaces from nanostructures can provide
porous materials as supramolecular hosts [64, 76, 196], for
drug delivery [196], or for separations [48, 67, 78, 197-199].
Sculpted materials may also encapsulate transition metals
[50, 52, 65, 200-203], thus acquiring catalytic [203] or
magnetic properties [200, 202]. As with crosslinking, etch-
ing strategies can selectively target a specific copolymer
block or nanostructure domain. Liu and coworkers were the
first to apply sculpting techniques to block copolymer mi-
celles, when they partially and fully removed polyisoprene
(PI) domains from polyisoprene-block-poly(2-cinnamoylethyl
methacrylate) micelles (PI-b-PCEMA) via ozonolysis [47,
48]. This approach yielded sculpted nanospheres from
core-shell micelles [47], as well as hollow spheres from
crosslinked vesicles whose PI domains were etched [48]. In
the latter example, depending on how extensively the ozo-
nolysis was performed, hairy, semi-shaved, or fully-shaved
hollow spheres were obtained [48]. Initially, the external PI
corona was selectively etched, while with extended ozonol-
ysis treatment sculpted PI corona chains both outside and
inside the crosslinked vesicles.

We also prepared thin films embedded with nanochan-
nels from PtBA-b-PCEMA via sculpting techniques [66, 67].
The blocks were carefully chosen to form films with hex-
agonally packed PtBA cylinders surrounded by a PCEMA
matrix. The PCEMA matrix was crosslinked to lock in the
film, and the PtBA domains were subsequently hydrolyzed,
thus yielding nanochannels. Another benefit of PtBA hy-
drolysis is that the resultant void spaces are lined with the
hydrolysis product PAA, which can bind to cations and thus
allows transition metal loading [50, 52, 65, 68, 203]. While
we were the first group to sculpt block copolymer micelles
[47, 48], we were also among the first groups to sculpt
block copolymer films [66, 67], as the first porous block
copolymer films were reported in the late 1980s by Lee and
coworkers [204, 205]. Depending on the block copolymer
composition, various sculpting methods are available, such
as hydrolysis [206, 207], ozonolysis [47, 48, 76, 208, 209],



1050 Wyman I, et al.

and photolysis [210]. Selectively etched porous materials
are described in recent reviews by Hillmyer and coworkers
[211-213]. Broadly speaking, sculpting could also include
strategies employing signal-responsive or biodegradable
block copolymers that are respectively programmed to de-
grade at a target (such as a tumor) [214] due to external stim-
uli or through enzymatic or biological action in either the
body or the natural environment [215, 216]. The structures
of permanent sculpted materials are diverse, including semi-
and fully-shaved spheres [48], hollow or porous spheres [48,
76, 217], spheres with block-segregated patchy surfaces [218],
nanotubes [64, 65, 202, 219], and etched films [68, 213].

2.3.1 Capsules and hollow spheres

Block copolymer capsules can be prepared through various
approaches, including self-assembly [220], and through
directed assembly via emulsification [57]. The former ap-
proach may yield vesicles, particularly if the volume fraction
of the soluble block is low. In the latter approach, the emul-
sion droplet acts as a template to direct the assembly. Poly-
mersomes, with aqueous cores, can be prepared by (W/O)/W
double emulsions [221], where the copolymer is dissolved
in the organic solvent and forms the vesicle wall as the or-
ganic layer is evaporated. Alternatively, oil-filled vesicles
can be prepared if the copolymer assembles at the interface
between the two phases [57]. This may often involve an
ABC triblock copolymer, where one of its blocks (usually
the central B block) is insoluble in either the oil phase or the
aqueous phase, so that the copolymer assembles around the
oil droplet to eventually form the capsule wall. In some
cases the shell-forming block may be crosslinked to stabi-
lize the wall, yielding a capsule as a permanent structure.

Capsules can also be prepared through selective sculpting
as well. In this case, a block copolymer may assemble in a
block-selective solvent, to initially form spherical micelles.
Subsequently the external block of the copolymer may be
crosslinked, in order to stabilize that block and allow further
chemical processing. The inner core block could then be
selectively etched, to yield capsules through sculpting. Al-
ternatively, a block copolymer may assemble around a sac-
rificial template, such as inorganic nanoparticles [222],
which form the core and are removed at a later step to yield
block copolymer-based capsules. In some cases, one of the
copolymer blocks may be crosslinked to stabilize the co-
polymer and allow subsequent chemical processing. The
template may then be removed, either by using a solvent
that is selective for the template, or selectively decomposing
the template to yield vesicles as permanent sculpted struc-
tures.

2.3.2  Block copolymer nanotubes

Nanotubes have drawn significant attention due to their
wide ranging potential applications such as photonic
[223-228] and electronic [229, 230] devices, catalysts [231,
232], and as porous host materials [233-236]. While carbon
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nanotubes [237-241] are among the most common, nano-
tubes have also been prepared from transition metals (in-
cluding their oxides and alloys) [224, 226, 227, 242-244],
peptides [245-252], lipids [253, 254], polymers [255], and
block-copolymers. Block copolymer nanotubes can be pre-
pared through self-assembly [256-258], or alternatively a
combination of crosslinking and sculpting [64, 200]. The
first reports of block copolymer nanotubes were by Eisen-
berg et al. [256, 257], who prepared nanotubes from poly-
styrene-block-poly(ethylene oxide) (PS-b-PEO) via self-
assembly in selective solvent mixtures of N,N-dimethyl-
formamide (DMF) and water, where DMF was a good sol-
vent, and water was selective for the PEO block. The re-
sultant micelles displayed various morphologies, including
tubules, vesicles, porous spheres, spheres with protruding
rods, and various other morphologies. These early nano-
tubes, or tubules, had enclosed cavities, rather than open
ends, and their shapes varied significantly. In addition to
linear tubules, also observed were ring shaped tubules,
branched tubes, as well as complex interconnected tubules
referred to as “plumber’s nightmare” structures. These tu-
bules arose through self-assembly as a bilayered structure,
with the collapsed PS block forming the wall, and the coro-
nal PEO chains extending into solution. The composition of
the copolymer was an important factor in determining wheth-
er these nanotubes formed, as they were observed only when
the volume ratio of the soluble PEO block was small.

Liu and coworkers developed a method to prepare nano-
tubes from ABC triblock copolymer nanofiber precursors
[64, 65, 101, 102, 201, 202, 219]. The crosslinkable central
block formed a shell in these nanotube precursors. The nan-
ofiber cores were etched during a sculpting step, yielding
nanotubes as permanent sculpted nanostructures. Mean-
while, the outermost corona block provided dispersibility to
the nanotubes. As is the case with nanofibers, nanotubes can
be prepared either from precursors in the solid state, or from
micellar solutions. In their first report on block copolymer
nanotubes, Stewart and Liu [64] prepared nanotubes from
cylindrical micelles of polyisoprene;so-block-poly(2-cinna-
moylethyl methacrylate),so-block-poly(tert-butyl acrylate)ggy
(PI39-b-PCEMA 130-b-PtBAg) in selective solvents for the
corona-forming PtBA block. Meanwhile the PCEMA and PI
blocks were collapsed as the shell and core, respectively.
After the PCEMA shells had been photocrosslinked to yield
the precursorary nanofibers, the PI cores were subsequently
etched out via ozonolysis, to yield the hollow nanotubes.

Shortly after this report, Liu et al. [200] also prepared
nanotubes from solid films in a similar approach to that fol-
lowed for nanofiber preparation. Through this method, the
triblock copolymer polystyrenegog-block-poly(2-cinnamo-
yloxyethyl methacrylate),7p-block-poly(tert-butyl acrylate)yy
(PSe90-b-PCEMA 179-b-PtBA5q) yielded hexagonally packed
cylinders with PtBA cores and PCEMA shells in a PS ma-
trix. The PCEMA shells were then photo-crosslinked, and
the resultant nanofiber precursors were dispersed in a selec-



Wyman I, et al.

tive solvent for their PS chains. Subsequently, the PtBA
cores were etched by cleaving the tert-butyl groups, thus
converting the core into PAA and generating void spaces in
the core (Scheme 5).

An interesting aspect of capsules and nanotubes is their
ability to carry guests within their cavities. The PSg)-b-
PCEMA 7p-b-PtBA,y nanotubes were subsequently im-
pregnated with Fe,O; nanoparticles in their PAA-lined hol-
low cores, which imparted the nanotubes with superpara-
magnetic properties. For example, when a magnetic field
was applied to dispersions of nanotubes bearing Fe,O; na-
noparticles, which were subsequently set as a gel, TEM
analysis of the Fe,O; nanoparticle-bearing nanotubes im-
bedded in the gel showed that they had become aligned with
the magnetic field. Since this report, water-dispersible block
copolymer nanotubes incorporating Pd nanoparticles [201]
as well as Pd/Ni hybrid nanoparticles [202] have been pre-
pared. Block copolymer nanotubes have also been prepared
by other researchers, including Winnik, Manners and their
coworkers [259, 260], by Meier et al. [261], as well as re-
cent examples by Feng et al. [258], Pan et al. [262], and Jia
et al. [263]. For drug delivery, the cylindrical shape of the
nanotubes could be advantageous [264-266], as cylindrical
micelles have relative larger internal volumes and better
flexibility than their spherical counterparts.

2.3.3  Cleavable block copolymers

A closely related strategy to etching a sacrificial block itself
is the use of a cleavable block junction placed between two
blocks. The degradation of these block junctions can be
triggered by various stimuli, such as light [267, 268], re-
ducing agents [269-272], or heat [271, 272], thus cleaving
the attached block from the copolymer. Some examples of
cleavable block junctions include redox-cleavable disulfide
[269, 270, 273, 274], photo-cleavable ortho-nitrobenzyl
(ONB) [267, 268], thermally- and photo-cleavable anthra-
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Scheme 5 Preparation of triblock copolymer (PSeo-b-PCEMA 7-b-
PtBA,y) nanotubes from solid films. The copolymer is dissolved into toluene,
and then cast as a film (A—B). After annealing, the PCEMA shells are pho-
tocrosslinked to lock in their structure (B—C). The nanofibers are liberated
from the film by dispersal into THF solution (C—D). Following this, the
PtBA cores are converted into PAA by hydrolysis, yielding void spaces
and thus forming the nanotubes (D—E) [200].
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cene photodimers [271, 272], acid-cleavable trityl ether
[275, 276] or cyclic ortho ester [277] groups. In addition,
cleavable ABC [278] or ABA [279, 280] triblock copoly-
mers bearing sacrificial central B blocks have been reported.
The use of the cleavage-inducing stimuli after the copoly-
mers have aggregated into micelles can cause the micelles
to shed their corona layer. This technique thus has signifi-
cant potential for the triggered release of drugs from block
copolymer micelles [270]. An exciting aspect of the block
junction cleavage approach is its potential efficiency, as
typically only one unit needs to be cleaved per polymer
chain [281].

Kataoka and coworkers [269] synthesized PEG-S,-
P[Asp(DET)] copolymers, where PJASP(DET)] corresponds
to poly(aspartamide) copolymers that bear a N-(2-aminoethyl)-
2-aminoethyl groups in their side chain and S, corresponds
to the disulfide block junction attached to the poly(ethylene
glycol) block. In aqueous solution, micelles of PEG-S,-
P[Asp(DET)] were loaded with plasmid DNA (pDNA) car-
goes (Figure 6(a, b)). Exposure of the micelles to reducing
agents such as dithiothreitol, resulted in cleavage of the
PEG chains from the micelles. In addition, the disulfide
linkage also underwent eventual cleavage when these mi-
celles were internalized by HELA cells, and the authors
found that micelles bearing a disulfide linkage exhibited
significantly higher gene transfection efficiency than mi-
celles that lacked disulfide linkages [269].

As mentioned above, block copolymers bearing photo-
cleavable ONB linkages have been used by Kang and Moon
[267] to prepare porous films, and Schumer et al. [268]
have used a one-pot ATRP-CuAAC click reaction to syn-
thesize ONB-linked block copolymers. Meier and cowork-
ers [282] prepared degradable vesicles and micelles from
block copolymers bearing ONB junctions. Photoresponsive
polymers, including photocleavable block copolymers, have
been highlighted in reviews by Theato et al. [281, 283],
Schumers et al. [284], as well as by Zhao and coworkers
[285, 286]. The use of ONB units and their derivatives in
various polymer systems has recently been reviewed by
Zhao and coworkers [287], and Theato [281] has highlight-
ed block copolymer systems bearing various types of pho-
to-cleavable junctions. Photo-cleavable ONB linkages have
also recently been used by the Liu group. In aqueous
THF solutions poly(ethylene oxide)3-ONB-poly[2-(perfluo-
rooctyl)ethyl methacrylate),,-block-poly(2-cinnamoyloxye-
thyl methacrylate),s (PEO;3-ONB-PFOEMA |,-b-PCEMA,s)
yielded core-shell-corona micelles in which the PEO,
PFOEMA, and PCEMA blocks formed the corona, shell,
and core domains respectively (Figure 6(c—d)). When these
micelles were irradiated under a UV lamp, they exhibited
two responses. The PCEMA-based cores became cross-
linked, while the corona-forming PEO chains were cleaved
from the micelles as the ONB junctions underwent a Norrish
IT rearrangement [288]. After the cleavage of the PEO co-
rona chains, the remaining particles became less soluble due
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Figure 6 Selected examples of assemblies based on cleavable block
copolymers. PEG-S,-P[Asp(DET)] (a) was used to prepare polyplex mi-
celles with pDNA, which shed their coronal PEG chains upon exposure to
reducing agents or after uptake by HELA cells (b). Assemblies based on
the photo-cleavable block copolymer PEO-ONB-PFOEMA-b-PCEMA (c).
As shown in (d), this copolymer yielded core-shell-corona micelles in
selective solvents for the PEO corona chains. Upon photolysis, the
PCEMA core became crosslinked, while the PEO chains were cleaved.
Due to the exposure of the fluorinated PFOEMA chains, these PEO-cleft
particles could be used to prepare films with self-cleaning properties. Im-
ages (a—b) reprinted with permission from Ref. [269]. Copyright (2008)
American Chemical Society. Images (c—d) reprinted with permission from
Ref. [290]. Copyright (2012) American Chemical Society.

to the loss of their coronal chains and they aggregated to-
gether to help minimize their exposure to the solvent. An
interesting and potentially useful feature of these PEO-cleft
particles was the exposure of their fluorinated PFOEMA
block. Since fluorinated materials have low surface energies,
they can exhibit self-cleaning properties due to their ability to
repel both water and oil [289]. When films were prepared
from both non-photolyzed micelles and photolyzed particles,
the contact angles of water and dichloromethane droplets
increased dramatically for the droplets that were placed on
films prepared from the latter particles bearing exposed
PFOEMA domains, rendering them superhydrophobic and
also oil-repellent.
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2.4 A special case: architectural polymers

Although many block copolymer-based nanostructures are
multi-chain aggregates, sometimes these nanostructures are
derived from individual block copolymer chains. A recent
example of architectural polymers prepared in solution from
diblock copolymers includes tadpole structures [59, 60].
These structures can be prepared from individual AB di-
block copolymer chains in solvent mixtures that are selec-
tive for the A block. The insoluble B block forms a globule
(the tadpole “head”), while the soluble A block stretches out
to form the polymer tail. Meanwhile, Liu and coworkers
have prepared pompon-coil-pompon structures and pearl-
ring macrocycles [61] from ABA triblock copolymers in
solvent mixtures that are selective for the central block. II-
lustrations of these structures are depicted in Scheme 6. In
these systems, the collapsed terminal A block forms glob-
ules at the ends of the polymer chain. In dilute solution, the
collapsed globules at the ends of the chain may merge to-
gether to form a unimolecular macrocycle, with the fused
globule forming the pearl, and the B block forming the ring
[61]. Architectural polymers have been highlighted in recent
reviews by Hadjichristidis [94], Tezuka [291-293], Hirao
[294], Liu [95] and their coworkers.

2.4.1 Molecularly imprinted tadpoles

Tadpole-shaped architectures were prepared from am-
phiphilic block copolymers [58, 59]. While block copoly-
mer tadpole structures were prepared by the Liu group,
some examples of these structures have also been synthe-
sized by Hawker et al. [295] and by Li and coworkers [296].
Typically, block copolymer tadpole structures incorporate a
soluble block as the tail, and a collapsed block forming the
tadpole head. Recently Liu er al. [60] expanded on this,
using the tadpole-shaped polymers as platforms for chiral

2 O

Scheme 6 Illustrated structures of various architectural polymers, in-
cluding tadpoles (a), pompon-coil-pompon structures (b) and pearl ring
macrocycles (c). The insoluble block forms a collapsed globule, while the
soluble block stretches into the solvent. The formation of pompon-coil-
pompon and pearl-ring macrocycles through the dilution of their micellar
precursors is shown in (d). Subsequent crosslinking can lock in the struc-
ture, as is shown for the pearl-ring macrocycle in this scheme.



Wyman I, et al.

molecular imprinting. These tadpoles thus belong to the
family of molecularly imprinted polymers (MIPs) [297,
298]. Applications of MIPs are diverse, including separa-
tions (as stationary phases) [299], chiral resolution [299,
300], catalysis [301], drug delivery, and also for detection
of poisons [302], drugs [303], or explosives [304, 305].
MIPs are normally crosslinked to ensure a good fit be-
tween the polymer matrix and the template. Among the
architectural single-chain tadpoles, the crosslinking was
intramolecular rather than intermolecular. In contrast to
typical MIPs, the imprinted tadpoles were templated in the
presence of pre-formed block copolymers, rather perform-
ing a polymerization in the presence of the template. The
sizes of the tadpoles, consisting of an individual block
copolymer chain, are considerably smaller than typical
MIP particles. This small size could be advantageous in
that a higher proportion of the binding sites would be
available near the surface, rather than deeply buried in the
polymer, and it could allow fast analyte release and re-
binding kinetics.

The tadpoles were prepared through a dilution technique
(Scheme 7). The block copolymer poly(tert-butyl acrylate)-
block-poly[(2-cinnamoyloxyethyl methacrylate)-ran-[2-(2'-
carboxybenzoyloxy)ethyl methacrylate]] (PtBA-b-P(CEMA-

fot] [CRumEr S |

- . VT Tw

COO(CH,),0
o

COOH

COOC(CHy)s
COO(CH,),00CCH=CH

PtBA-b-P(CEMA-r-CA)

Scheme 7 Preparation of chirally imprinted tadpoles via dilution and
photocrosslinking. In the presence of a template a micellar solution of
PtBA-b-P(CEMA-r-CA) (structure shown at the top) is gradually diluted
and dissociates into its single-chain unimers by slow-addition into a solvent
reservoir (A—B). These unimers are photocrosslinked in the reservoir to
yield permanent tadpole structures (B—C). The template can be gradually
removed by dialysis to yield imprinted tadpoles that are free to bind to
matching target molecules (C—D) [60].
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r-CA), was dispersed into a selective solvent for the PtBA
block to yield micelles with P(CEMA-r-CA) forming the
core and PtBA forming the corona. The micelles were
equilibrated with a chiral organic template, which became
embedded within the P(CEMA-r-CA) micelle core. The
micelles were then diluted by gradually pumping them into
a larger reservoir containing a similar solvent (and also
template). This dilution induced the micelles to dissociate
into their unimer copolymer chains or tadpoles, with the
collapsed P(CEMA-r-CA) block forming the head and
PtBA chain forming the tail. The insoluble tadpole heads
were photocrosslinked, thus yielding permanent structures
while also locking in the imprinting process.

3 Hierarchical and coupled nanostructures

While most topics discussed so far have involved strategies
to prepare assembly structures from block copolymer
building blocks, such assemblies can themselves form
building blocks toward higher ordered systems. This may
involve assembly of either similar or different nanostruc-
tures into the higher ordered system. While hierarchical
assembly is analogous to self-assembly, the coupling tech-
nique described here involves an active linking together of
two (or more) nanostructures to obtain a more complex
structure. Typically the coupling process involves the com-
bination of a smaller number of nanostructure units than is
encountered among hierarchical assembly, and coupling
normally requires more active input from the designer (of-
ten involving covalent binding of different nanostructures).
The coupling process may sometimes precede hierarchical
assembly. Either individual nanostructures or also coupled
nanostructures can form building blocks for hierarchical
assembly.

3.1 Hierarchical assembly structures

As described here, hierarchical structures are those whose
building blocks are of a higher order than block copolymers
themselves. With this in mind, hierarchical systems are
prepared through a ‘“double assembly” process, where
nanostructures (such as micelles, permanent structures or
permanent sculpted structures) serve as building blocks for
hierarchical structures. The afore-mentioned nanostructures
are themselves composed of block copolymer building
blocks in an initial assembly step preceding the hierarchical
assembly. Hierarchical assemblies could also encompass
assemblies occurring through an even greater number of
assembly steps. For example, hierarchical structures formed
from a double assembly could subsequently act as building
blocks for a higher order structure, through a triple assem-
bly. Owing to the higher order of hierarchical systems, they
can frequently yield structures with extended dimensions
[306].
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3.1.1 Nanoropes and composite fibers

Recently the Liu group prepared nanoropes and composite
nanofibers as hierarchical structures [307]. The nanoropes
are composed of two different types of nanofiber building
blocks which are bundled together. The nanofibers were
derivatives of PCEMA-b-PtBA and PtBA-b-PCEMA-b-
PDMAEMA, that were adorned with carboxyl and amine
groups, respectively, and PDMAEMA corresponds to
poly(N,N-dimethylaminoethyl methacrylate). The nano-
fibers were prepared by dispersing the block copolymers in
solvents that were selectively poor for the PCEMA blocks.
After the PCEMA crosslinking treatment, nanofibers bear-
ing amine or DMAEMA groups were obtained from the
triblock copolymer. The carboxyl groups were obtained
through the hydrolysis of the PtBA coronal chains of the
diblock copolymer nanofibers, yielding PAA coronal
chains.

Once the carboxyl-bearing and amine-bearing nanofibers
were prepared, they were mixed together by slowly adding a
dilute carboxyl-bearing nanofiber solution into an amine-
bearing nanofiber solution. The carboxyl-bearing nanofibers
needed to be surrounded by an excess of amine-bearing
nanofibers to ensure that the nanofibers were dispersed into
solution. The degree of crosslinking among the carbox-
yl-bearing nanofibers was approximately 32%, but much
lower among the amine-bearing nanofibers, at either 0% or
3%. Such a low degree of crosslinking was necessary to
prevent precipitation of the latter amine-bearing nanofibers.
In addition, the structures of these cylindrical micelles were
not really locked in at such low crosslinking degrees, and
thus the amine-bearing nanofibers were technically not true
nanofibers, which have permanent structures. The amine-
bearing nanofibers formed bundles wrapped around the
carboxyl-bearing nanofibers, with multiple amine-bearing
nanofibers surrounding a given carboxyl-bearing nanofiber
(Figure 7(a)). The mixture was then thermally annealed to
allow the amine-bearing PDMAEMA chains of the amine-
bearing nanofibers to migrate so that they could face the
PAA groups of the central carboxyl-bearing nanofiber, thus
helping to further bind the structure together. Meanwhile,
the PtBA groups of the amine-bearing nanofibers shuffled
themselves so that they primarily faced the exterior of the
structure. This position shuffling converted the nanoropes
into composite nanofibers, and the repositioning of the
PtBA domains of the external surface of the nanoropes
helped to disperse the hierarchical nanoropes in solution.

The duration of the thermal annealing process had a sig-
nificant effect on the resultant structures. Immediately after
the two sets of nanofibers were mixed they apparently
formed bundled fibers or ropes, with amine-forming nano-
fibers forming bridges between different nanoropes, or dan-
gled from the nanoropes. As thermal annealing treatment
was applied, the dangling amine-bearing nanoropes gradu-
ally merged with the nanoropes, to yield smooth composite
nanofibers. This was supported by TEM evidence (Figure
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7(b—d)) as well as dynamic light scattering (DLS) experi-
ments. The latter DLS measurements showed the hydrody-
namic radii (R,) of the mixture of the amine- and carbox-
yl-bearing nanofibers, increased dramatically upon mixing
to 790 nm (from an Ry, of 423 nm recorded for the carbox-
yl-bearing nanofibers before mixing) but decreased gradu-
ally during thermal annealing treatment to ~490 nm after
two weeks of thermal annealing. The dramatic increase in
R, could be attributed to the amine-bearing nanofibers
forming bridges between different nanoropes. These bridges
eventually merged with individual nanoropes with anneal-
ing treatment, as evidenced by the gradual decrease in Ry.
With this in mind, the thermal annealing process served to
direct the assembly, and provided energy needed to convert
the kinetic product into the thermodynamically favored
composite nanofibers.

3.1.2 Controlled hierarchical assembly

The examples described above may be considered as hier-
archical analogs of self-assembly, or double assembly.
However, directed assembly can also occur at the hierar-
chical level, as controlled or programmed hierarchical as-
sembly. For example, the interfacial assembly of triblock
copolymer micelle-like aggregates (MAs) into either rib-
bon-cage shaped or flower-shaped hierarchical superaggre-
gates [49], as well as the assembly of block copoly-
mer-coated nanoparticles into linear chain-like structures
[100]. In the former example emulsion droplets served as
templates to direct the hierarchical assembly, with the MAs
assembling into superaggregates at the droplet surfaces [49].
Among the polymer-coated cobalt chains (Figure 8), mag-
netic dipole-dipole interactions caused the cobalt nanoparti-
cles to assemble into their chainlike hierarchical structures
[100].

The dipolar cobalt nanoparticles forming the hierarchical
chains were coated with PCEMA-b-PAA, or with PtBA -
b-PCEMA |y [100]. The cobalt nanoparticles were prepared
through the high temperature decomposition of Co,(CO)g in
dichlorobenzene in the presence of PCEMA;y-b-PAA, as a
surfactant and trioctylphosphine oxide as a cosurfactant.
This produced cobalt nanoparticles coated by PCEMA ;-
b-PAA,, with the PAA domain coordinated to the co-
balt-filled core, and the PCEMA domain forming the outer
layer. These nanoparticles could be further coated with
PtBAzg()-b-PCEMAl()(). To accomplish thiS, the PCEMA30-
b-PAA, coated cobalt nanoparticles were redispersed into
chloroform, a good solvent for both blocks. Another co-
polymer, PtBA,q-b-PCEMA |y, was then added to this dis-
persion. Following this, methanol was added, causing the
PCEMA block to collapse. The PCEMA block of PtBA,gy-
b-PCEMA |, aggregated along the surface of the cobalt
nanoparticles, which was occupied by the PCEMA domain
from the initial PCEMA;-b-PAA, coating. The PCEMA
blocks of these two copolymers were compatible with one
another, and thus the cobalt nanoparticles were coated with
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Figure 7 Illustration (a) showing the preparation of nanoropes as hierarchical structures from carboxyl-bearing nanofibers that were bundled with
amine-bearing nanofibers. Initially the amine-bearing nanofibers form bundles surrounding a carboxyl-bearing nanofiber in solution to form a nanorope
(1—2) following slow addition of a dilute solution of carboxyl-bearing nanofibers to a solution of amine-bearing nanofibers. The mixtures were then ther-
mally annealed. During this process, the amine-bearing PDMAEMA chains of the amine-bearing nanofibers shuffled themselves so that they could have
better expose to the PAA groups of the central carboxyl-bearing nanofiber (2—3), yielding composite nanofibers [307]. TEM images of mixtures of amine-
and carboxyl-bearing nanofibers immediately after mixing (b) and after 12 h (c), 2 days (d), and 14 days (e) of thermal annealing at 50 °C. The ratio of car-
boxyl- to amine-bearing nanofibers was 1:5, the degrees of crosslinking among the amine- and carboxyl-bearing nanofibers were 3% and 32%, respectively.
The samples were sprayed with OsO,. The arrows in image (c) show amine-bearing nanofibers that had begun to merge with the nanoropes. Reprinted from

Ref. [307] by permission of The Royal Society of Chemistry (RSC).

the two copolymers. These latter particles were thus doubly
coated nanoparticles, while the particles coated with only
PCEMA;,-b-PAA, were essentially singly coated cobalt
nanoparticles. The PtBA block on the doubly coated parti-
cles extended into the solution to form the corona, and
helped disperse the nanoparticles into various organic sol-
vents. These coated nanoparticles were structurally locked
by photocrosslinking the PCEMA domains.

Due to magnetic dipole-dipole interactions between the
cobalt nanoparticles, they formed linear chains and, to a
lesser extent, branched chains. In addition to stabilizing the

individual nanoparticle structures, the structures of these
chains were also locked in by the photocrosslinking step.
Thus, the assembly of the cobalt nanoparticles into chains
was directed by the magnetic dipole-dipole interactions, and
locked in by photocrosslinking. These nanoparticle chains
could be considered as coupled nanostructures due in part to
the noncovalent magnetic dipole-dipole interactions be-
tween the nanoparticles, and to the covalent crosslinking of
their PCEMA shells following the photolysis step, which
yielded the permanent chains. The magnetic properties of
the cobalt nanoparticles chains were retained after the
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Figure 8 Illustration showing the preparation of cobalt nanoparticles (image a) that were coated with PCEMA;;-b-PAA,, aligned into linear chains by
magnetic dipole-dipole interactions (1—2), and coated with PtBA,4-b-PCEMA |, (2—3). The PCEMA domains were then photocrosslinked (3—4) to yield
permanent chains of cobalt. TEM image of doubly-coated and crosslinked cobalt nanoparticle chains after they were dissolved into dichloromethane, dripped
onto a carbon coated copper TEM grid adjacent to a 0.47 T magnet, and the solvent evaporated (images b and c). The arrow indicates the direction of the
magnetic field (image c). TEM image of porous fibers left behind after cobalt cores of the doubly coated and crosslinked nanoparticles chains were dissolved
into HCI (image d). These permanent sculpted fibers retained the dispersive properties of their cobalt-containing precursors [100]. Illustration of the assem-
bly (e) of cylindrical Plyp-b-PCEMA ;50-b-PtBAsyy MAs at the surface of a DN emulsion droplet, where methanol forms the continuous phase. (f) A TEM
image of a hierarchical ribbon-cage assembly structure. Images (a—d) reprinted with permission from Ref. [100]. Copyright (2009) American Chemical Society.
Image (e) was reprinted from Ref. [23] with permission from Elsevier. Copyright (2011) Elsevier.

crosslinking step.

These permanent structures obtained by crosslinking the
doubly coated cobalt nanoparticle chains, which were also
precursors to permanent sculpted structures. Liu et al. [100]
etched the cobalt cores using acidic media, such as HCI solu-
tion, hence dissolving the cores. The remaining PtBA,y-
b-PCEMA |, coating retained its dispersibility in chloro-
form and chainlike shape, with empty cavities at the sites
formerly occupied by the cobalt cores. This demonstrated
that cobalt etching from the nanoparticle chains could gen-
erate porous, solvent-dispersible polymer nanofibers.

Flower-like and Ribbon-cage shaped hierarchical assem-
blies arose from the fusion of polyisoprene,o-block-
poly(2-cinnamoyloxyethyl methacrylate),so-block-poly(tert-
butyl acrylate)320 (PI]10-b-PCEMA150-b-PtBA320) MAs at the
surfaces of emulsion droplets [49]. Either cylindrical or
spherical MAs were initially prepared from the triblock co-
polymer. Cylindrical MAs were prepared by dispersing
PI,10-b-PCEMA 50-b-PtB A3y into decahydronaphthalene (DN)

and gently heating the mixture. Alternatively, spherical
MAs were obtained by dissolving the copolymer into di-
chloromethane and then adding DN. The dichloromethane
was subsequently removed by bubbling nitrogen into the
mixture. In either case, PCEMA formed the micellar core,
and PI and PtBA formed the mixed corona. Either the cy-
lindrical or spherical aggregates were the building blocks
for the subsequent hierarchical assembly. This hierarchical
assembly was achieved through emulsification. These
emulsions were prepared by adding methanol to DN disper-
sions of the cylindrical or spherical aggregates and vigor-
ously stirring these immiscible solvents, yielding DN emul-
sion suspended in the continuous methanol phase. Depend-
ing whether flower-like or ribbon-like superaggregates were
the target structure, the emulsion was heated at either 22 or
52 °C, respectively. While DN was selective for PI and
PtBA, only PtBA was soluble in methanol. The MAs gath-
ered along the droplet surfaces, with the PCEMA domain
localized at the interface, and mainly the PI and (to a lesser
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extent) PtBA chains projecting outward into the DN con-
tinuous phase and PtBA extending inward into the methanol
droplets. The PCEMA domains had apparently flattened
somewhat to provide a more uniform droplet coating. The
emulsion droplets thus served as a template for the hierar-
chical assembly.

3.2 Coupled nanostructures

An example of coupled nanostructure preparation was re-
ported by Liu et al. [101] involving the coupling of nano-
tubes to nanospheres composed of PS-b-PCEMA-b-PAA
and PCEMA-b-PAA, respectively. The PS-b-PCEMA-b-
PAA nanotubes were prepared by a combination of cross-
linking and etching from the solid film approach in a similar
general manner to that described in the section highlighting
nanotubes, yielding nanotubes with PAA lining the etched
core, PCEMA forming the shell, and PS forming the corona.
The nanotubes were coupled to PCEMA-b-PAA nano-
spheres bearing crosslinked PCEMA cores and PAA coro-
nas.

The nanotubes and the nanospheres were coupled to-
gether covalently. To accomplish this, an excess of PAES-
b-PS-b-PAES (where PAES corresponds to poly[4-(2-
aminoethyl)styrene]) spacing chains were attached via
amidization to the PAA carboxyl groups that were exposed
at the ends of the nanotubes. The free terminal PAES blocks
of these grafted spacers were then reacted with the carboxyl
groups of the PAA corona of the PCEMA-b-PAA nano-
spheres following a similar approach, thus linking the
nanotubes with the nanospheres. The PS-b-PCEMA-b-PAA
nanotubes, with their PS corona, were dispersible in organic
solvents. Meanwhile, the PCEMA-b-PAA nanospheres,
having a PAA corona, were water-dispersible. Therefore, a
hydrophobic nanotube and hydrophilic nanosphere were
coupled together, providing a hierarchical analog of a sur-
factant molecule, or a “supersurfactant” [101]. The nano-
tube acted as the supersurfactant tail, while the nanosphere
behaved as the head group. While the covalent binding of
the nanotubes to the nanospheres was a coupling process,
the aggregation of these supersurfactants to form a “super-
micelle” would be an example of hierarchical assembly
Scheme 8 [101]. Chen and coworkers [308] have also re-
ported hierarchical supermicelle micelle formation from
block copolymer Janus particles, due to the anisotropic na-
ture of the Janus particles.

A similar covalent coupling strategy was also employed
by Liu ez al. [102] to couple together nanotubes composed
of poly(glyceryl methacrylate)-block-poly[(2-cinnamoyl-
oxyethyl methacrylate)-ran-(2-hydroxyethyl methacrylate)]-
block-poly(tert-butyl acrylate) (PGMA-b-P(CEMA-r-
HEMA)-b-PtBA) and PS-b-PCEMA-b-PAA. These coupled
nanotubes could be considered as hierarchical analogs of
block copolymers, with each nanotube analogous to a co-
polymer block. Interestingly, these coupled nanotubes also
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Scheme 8 Coupling of PS-b-PCEMA-b-PAA nanotubes to PCEMA-b-
PAA nanospheres. The PAES-b-PS-b-PAES spacer was attached to the
ends of the PS-b-PCEMA-b-PAA nanotubes by amidization, which linked
one of the terminal PAES blocks to the PAA carboxyl groups at the end of
the nanotubes (A—B). Subsequent amidization was carried out between
the free PAES block of the grafted spacers to the PAA domain in the coro-
na of the PCEMA-b-PAA nanospheres (B—C) [101]. Reprinted with per-
mission from Ref. [101]. Copyright (2003) American Chemical Society.

subsequently underwent hierarchical assembly in solution,
aggregating to yield hierarchical analogs of block copoly-
mer micelles. Meanwhile, in thin films, these coupled
nanotubes underwent “nanotube segregation” in an analo-
gous manner to block segregation [102]. Another exciting
feature of both the coupled nanotubes and the hybrid nano-
sphere and nanotube systems is their potential to carry
mixed cargoes, which may yield applications as drug deliv-
ery systems. Hierarchical analogs of block copolymer mi-
celles have also been prepared by Manners, Winnik, and
their coworkers through the sequential epitaxial growth of
different block copolymers bearing crystalline cores [309].

4 Conclusions

This review has attempted to highlight the diverse variety of
block copolymer nanostructures that have been prepared by
the Liu group following an array of pathways including
self-assembly, directed assembly, hierarchical assembly,
and coupling between nanostructures. Selective crosslinking
and etching have also played key roles in these pathways,
yielding permanent structures, sculpted structures, and per-
manent sculpted structures. In some cases the permanent
and the permanent sculpted structures were destinations
themselves, while other times they provided stable precur-
sors towards assemblies of even greater complexity.

While block copolymers are the building blocks of the
assemblies described here, these assemblies can subse-
quently serve as building blocks for hierarchical assembly,
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thus yielding structures of even higher order. While the
building blocks may be identical to one another, hierar-
chical assembly can alternatively occur between different
types of nanostructure building blocks. The hierarchical
assembly described here is sometimes also called double
assembly. However, one may also employ this approach to
prepare assemblies with even higher order, such as triple or
even quadruple assemblies.

While diblock copolymers have frequently been used for
these assemblies, triblock copolymers have been employed
as well. The greater morphological diversity among block
terpolymers is exciting, particularly when combined with
the array of assembly pathways highlighted in this article.
While development of triblock copolymer (and those with
higher block numbers) assemblies have been somewhat
limited in the past, this area has seen rapid growth in recent
years [7, 10].

A high degree of control can be achieved over the as-
sembly of block copolymers bearing crystalline blocks [310,
311]. This was demonstrated by Manners and coworkers
[311-313], who prepared cylindrical micelles with highly
controlled lengths via crystallization-driven self-assembly
of block copolymers bearing a crystalline core-forming
block. The unique structures afforded by crystalline and
liquid-crystalline [314] block copolymers ensures that they
will continue to have a bright future.

While the target structures prepared by Liu and cowork-
ers are interesting in their own right, some of these assem-
blies can yield practical applications as well. Some have
potential as drug delivery systems [196], water purification
[78], for chiral resolution [60], and friction reduction among
lubrication oils [83]. Considering the diversity of block co-
polymer assemblies available, combined with the diverse
array of assembly pathways employed by our group, the
variety of block copolymer assemblies available may be
limited only by the imagination.

Guojun Liu wishes to thank NSERC of Canada for a Tier 1 Canada Re-
search Chair and for funding.
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