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Preface

Self-assembly of matter into ordered structures is an important issue in biology
and materials science. For example, the intramolecular and intermolecular self-
assembly of proteins is essential for their functions as enzymes or carrier sys-
tems. In materials science, the organization of matter is important for mechani-
cal, optical, electrical, and other properties not only in bulk or thin film systems,
but also in solution. Self-assembly is a property of some materials which can
be used for the controlled generation of regularly structured materials. This
self-assembly can occur on different length scales. Atoms, small molecules or
repeating units of some polymers can aggregate into crystals, which have typ-
ical periodicities on the sub-nanometer range. On a much larger length scale
another class of materials becomes interesting for its capability to self-assemble
into ordered structures: block copolymers. They are a fascinating class of con-
densed soft matter. By linking different, mostly immiscible chains together
chemically, they self-assemble often into crystal-like structures (supercrystals,
microphase morphologies). The periodic length scale in microphase separated
block copolymers is typically in the range between 10 and several 100 nm, i.e.
100 to 1000 times larger than the periodic length of atomic crystals.

Block copolymers have already attracted significant scientific and economic
interest during the last few decades. A prerequisite for the formation of rather
periodic microphase morphologies is a fairly narrow polydispersity both of
composition and molecular weight. After the discovery of living anionic poly-
merization in the middle of the last century, the controlled synthesis of block
copolymers became possible for the first time. Since then, other synthetic
schemes with a large degree of control were developed, and this trend is still
continuing. For this reason more and more monomers become eligible for in-
corporation into block copolymers, thus adding more possible functions into
microphase-structured materials.

Although many books and reviews have been written about block copoly-
mers, the ongoing research motivated us to give an overview of the results
during the last years in various aspects of the field.

The topic is split into two volumes and is organized as follows. In the
first chapter the progress in different synthetic routes to controlled block
copolymers of various architectures will be presented, the second chapter tries
to give an overview of the phase behavior of block copolymers in the bulk
state and in concentrated solution. The interplay between crystallization on
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a segmental scale and the microphase separated structure of block copolymers
with crystallizable blocks will be discussed extensively in the third chapter,
since this aspect has not been addressed in such detail before in a review.
After having treated bulk or bulk-like (highly concentrated solutions) states,
the fourth chapter presents the structure formation of block copolymers in
more dilute solutions, where various micellar superstructures can be found.
The last two chapters deal with applications of block copolymer structures
as precursors for the formation of mesoscale porosity (fifth chapter), and
as precursors for the formation of controlled patterns on surfaces enabling
new ways to lithography on a length scale, which is not accessible by other
lithographic techniques thus far (sixth, last chapter).

We are aware that these two volumes do not cover all aspects of the research
done on block copolymers, but nevertheless it is our hope that it will find
interested readers and be a basis and stimulation for future further research
on these materials.

Geesthacht, October 2005 Volker Abetz
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Abstract Crystallization of block copolymer microdomains can have a tremendous influ-
ence on the morphology, properties and applications of these materials. In this review,
particular emphasis is placed on the nucleation, crystallization, thermal properties and
morphology of diblock and triblock copolymers with one or two crystallizable com-
ponents. The issues of the different types of nucleation processes (i.e., homogeneous
nucleation and heterogeneous nucleation by different types of heterogeneities and sur-
face nucleation) and their relation to the crystallization kinetics of the components is
addressed in detail in a wide range of polymeric materials for droplet dispersions, blends
and block copolymers. The case of AB double crystalline diblock copolymers is discussed
in the light of recent works on biodegradable systems, while the nucleation, crystalliza-
tion and morphology of more complex materials like ABC triblock copolymers with one
or two crystallizable components are thoroughly reviewed.
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Abbreviations
AFM Atomic force microscopy
aPP Atactic polypropylene
DSC Differential scanning calorimetry
HDPE High-density polyethylene
iPP Isotactic polypropylene
LLDPE Linear low-density polyethylene
MD Microdomain
ODT Order–disorder transition
PB Poly(butadiene)
PBO Poly(oxybutylene)
PCL Poly(ε-caprolactone)
PE Polyethylene
PEO Poly(ethylene oxide)
PEP Poly(ethylene-co-propylene)
PI Poly(isoprene)
PLLA Poly(l-lactide)
POM Polarized optical microscopy
PPDX Poly(p-dioxanone)
PS Polystyrene
PVCH Poly(vinylcyclohexane)
SAXS Small-angle X-ray scattering
SEB Styrene-ran-ethylene-ran-butene
TEM Transmission electron microscopy
TSDC Thermally stimulated depolarization current
UB Unmixed blend
WAXS Wide-angle X-ray scattering
Dx

w Cz
y notation employed for block copolymers, where the subscripts (w and y) denote

the composition in weight percent and the superscripts (x and z) the number-
average molecular mass in kilograms per mole. In the case of PPDX-b-PCL
diblock copolymers, the letter D is used for PPDX and the letter C for PCL

1
Introduction

The ability of block copolymers to self-assemble into organized microdomain
(MD) structures when the thermodynamic repulsion between the con-
stituents is high enough seems to be fairly well understood. This is par-
ticularly true in the case of amorphous diblock copolymers where phase
diagrams for particular systems have been successfully predicted and experi-
mentally proven [1–5].
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Crystallization within block copolymer MDs is an important issue since
it can completely change the block copolymer morphology. The structure
development in semicrystalline block copolymers depends on two compet-
ing self-organizing mechanisms: microphase separation and crystallization.
The most commonly studied of the semicrystalline block copolymer systems
in the literature are AB diblock copolymers or ABA triblock copolymers,
where one block is amorphous and the other semicrystalline. It is generally
accepted that the changes of state as a function of temperature can deter-
mine the final morphology according to three key transition temperatures:
the order–disorder transition (ODT) temperature, TODT, the crystallization
temperature, Tc, of the crystallizable block, and the glass-transition tempera-
ture, Tg, of the amorphous block.

Five general cases have been described in the literature for AB diblocks
with one crystallizable block:

1. Homogeneous melt, TODT < Tc > Tg. In diblock copolymers exhibiting ho-
mogeneous melts, microphase separation is driven by crystallization if Tg
of the amorphous block is lower than Tc of the crystallizable block. This
generally results in a lamellar morphology where crystalline lamellae are
sandwiched by the amorphous block layers and spherulite formation can
be observed depending on the composition [6–10].

2. Weakly segregated systems, TODT > Tc > Tg with soft confinement. In this
case, crystallization often occurs with little morphological constraint, en-
abling a “breakout” from the ordered melt MD structure and the crystal-
lization overwrites any previous melt structure, usually forming lamellar
structures and, in many cases, spherulites depending on the composi-
tion [10–18].

3. Weakly segregated systems, TODT > Tc < Tg with hard confinement. In this
case, the crystallization of the semicrystalline block can overwhelm the
microphase segregation of the MD structures even though the amorph-
ous block is glassy at the crystallization temperature, because of the weak
segregation strength [19].

4. Strongly segregated systems, TODT > Tc > Tg with soft confinement. If the
segregation strength is sufficiently strong, the crystallization can be con-
fined within spherical, cylindrical or lamellar MDs in strongly segregated
systems with a rubbery block [10, 15–17, 20–28].

5. Strongly segregated systems, TODT > Tc < Tg with hard confinement.
A strictly confined crystallization within MDs has been observed for
strongly segregated diblock copolymers with a glassy amorphous
block [29–42].

Examples of all these cases can be found in Table 1, where a thorough list-
ing of most references dealing with block copolymers crystallization in the
past decade is presented along with salient features of the systems that have
been studied.
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Since excellent reviews on block copolymer crystallization have been pub-
lished recently [43, 44], we have concentrated in this paper on aspects that
have not been previously considered in these references. In particular, previ-
ous reviews have focused mostly on AB diblock copolymers with one crystal-
lizable block, and particular emphasis has been placed in the phase behavior,
crystal structure, morphology and chain orientation within MD structures.
In this review, we will concentrate on aspects such as thermal properties
and their relationship to the block copolymer morphology. Furthermore, the
nucleation, crystallization and morphology of more complex materials like
double-crystalline AB diblock copolymers and ABC triblock copolymers with
one or two crystallizable blocks will be considered in detail.

In contrast to binary block copolymers, where one independent compo-
sition variable, φA, and one interaction parameter, χAB, are the parameters
that determine the equilibrium phase morphology, the morphology of ABC
triblock copolymers is governed not only by two independent composition
variables (φA, φB, φC = 1 – φA – φB), but also by the balance of three inter-
action parameters (χAB, χAC, χCB) which may be expressed alternatively by
their interfacial tensions (γAB, γAC, γCB). As a consequence, chain topology
(ABC, BAC, ACB) is of key importance. Owing to the combination of all these
parameters, ABC triblock copolymers offer the opportunity to tailor fasci-
nating new morphologies [45–50]. The formation of these mesophases has
been theoretically analyzed by several authors. Mogi et al. [45] and Nakazawa
and Otha [51] were able to explain some of the simplest structures. There-
after, Kane et al. [52] reported a more elaborate extension of the Semenov
theory to lamellar ABC triblock copolymers. Later, Zheng and Wang [53]
calculated phase diagrams, which were successful in explaining some more
complex morphologies. The morphologies of amorphous symmetric and
asymmetric ABC triblock copolymers in the strong segregation limit were
then well described by a simple thermodynamic model based on a Flory–
Alexander–deGennes–Semenov approach. Using this approach, the experi-
mentally discovered morphologies of linear polystyrene-b-poly(butadiene)-
b-poly(methyl methacrylate), PS-b-PB-b-poly(methyl methacrylate), were ex-
plained in terms of a minimization of interfacial energy [54]. Matsen [55]
used self-consistent field theory for the prediction of the morphology in ABC
triblock copolymers. There are also reports that have predicted TODT in ABC
triblock copolymers for different compositions and incompatibilities. These
theoretical calculations have been based on the “mean-field” approach of
Leibler for the weak segregation limit [56].

Although there are very comprehensive studies that explain the behavior of
amorphous ABC triblock copolymers, this is not the case when one or more
of the components are able to crystallize. In this case, a much more complex
behavior is expected because of the interplay of crystallization–microphase
separation.
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Table 1 Crystallizable diblock and triblock copolymer data reported in recent literature

System a Mn Melt Morphology c Method d Ref.
(kg mol–1) morphology c

EO76MMA24 83 b – Lam D,E 9

E24→75EP76→25(4) 80–180 Lam/Cyl/Sph Lam
A,B,D 8

E25→75EE25→75(4) 20–45 Lam/Cyl/Sph Lam

E26→27MB73→74(2) 35 b–45 Dis/Cyl Lam/Cyl 10
A,B,D 15

E27MB73(2) 63–88 Cyl Cyl 25

E27→70VCH73→30(4) 17–23 Cyl/Gyr/Lam Cyl/Gyr/Lam A,B

VCH43→17E14→67VCH43→17(7) 28–75 Sph/Cyl(In)/ Sph/Cyl(In)/ D,C,G 41
Lam Lam

E28VCH72 36 Cyl Cyl A,B,D 25

E51hhP49 50 b Lam Lam A,B,D 13

E46S54 130 Lam Lam A,B 137

S13B74S13 133 Cyl Cyl A,C 138

139
C26→61B74→39(7) 10–29 Lam Lam A,D,E

140

C61B39/C6 11 Lam Lam
A 139

C47B53/C7 10 Lam Lam

C9ET91 – – Lam 141

E15→95B85→5(13) 40–281 – –
C,D 142

E50→75S50→25(6) 120–240 – –

12
E52VCH48 15 Lam Lam A–C

143

144
EO20C80 17 – Lam A,B,D

145

EO32→72BO68→28(25) 2.5–3 Cyl/Gyr/ Lam A,B,D 18
Lam/Dis/OS 146

A,B 31
EO24,33S34,53EO24,33(2) 70–112 OS Lam/Stes

D–F 147

EO75C25 20 Hom Stes A,B,
S4→17EO18→74C7→78(4) 27–112 Hom Stes/Ax/ D,E 135

PCcrys G,H

EO69BO31 2 – Lam
A,H 148

EO33BO35EO33 5 – Lam

A,B
EO66S34 16 Dis Lam 35

D,K

S66→87C34→13/S0→0.5–1(3) 12–23 Sph –
A,D 149

S66→87C34→13/Ch (3) 12–23 Sph Lam
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Table 1 (continued)

System a Mn Melt Morphology c Method d Ref.
(kg mol–1) morphology c

S9→35B37→6C36→77(6) 132–219 – Lam/Co-Cont/ 97
Cyl/C-S Cyl/ 98
UL/Stes 115

S9→57E6→37C16→77(6) 137–219 – Stes C,D 116
B20C80 68 – Stes 129

150

EOB 7 b – Lam E,H 151

EO20C80 26 Sph Lam
EO22(C39)2 23 Sph Lam A,D 105
C38EO18C38 22 Sph Lam

152–
C10→61B90→39(5) 11–14 Dis/Lam Lam A,D

154

C61B39/C8,22 12 Lam Lam
A,D 152

C47B53/C8 11 – Lam

C26B74(2) 18 Cyl Lam/Cyl A,B,D 155

S74→87C26→13(2) 12–23 – – A,D 156

156
S27→66C73→34(3) 12–30 Lam Lam A,C,D

157

S70C30 39 Sph Sph A,D,C 157

D,E
EO45→59B41→55(4) 7–9 Lam Lam 158

G,H

A,C
E18→28VCH72→82(2) 26–36 Sph/Cyl Sph/Cyl 159

D,G

EO9S9 18 Lam Lam A,B,L 160

E18EP64E18 55 Hom Lam A–D 161

BO12→38EO24→76BO12→38(19) 4–12 Dis/Lam/ – A,G 162
Cyl/Sph

S15EP70E15 103 Cyl Cyl A–D 163

C10→19B81→89(6) 8–62 Cyl or Sph Lam/Cyl A,C,D 16
or Sph

E39S61 28 HPL – A,C,G 164

EO4B21 25 Sph Sph D,H 23

A,C 36
EO47S53 18 Lam Lam

B,D,G 165

A,C
EO47S53/S0.5→5(2) 18 Cyl Cyl 37

B,D

EO50
6B50

5/B0→1(5) 11 Lam/Cyl/Sph Lam A,D,C 92

THF29→59S41→71(4) 30–37 Lam/Cyl/Sph Stes D,E 166
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Table 1 (continued)

System a Mn Melt Morphology c Method d Ref.
(kg mol–1) morphology c

EO5EIcy – – Lam
EO5EIcyDC – – Dis
EO5EIli – – Lam A–D,M 167
EO5EIliDC – – Lam
EO5EIbr – – Lam
EO5EIbrDC – – Lam
C29→31DS38→43C29→31(2) 7 – Lam H,M,N 168
S25→50C50→75(2) 28–30 – –
I50→70C30→50(3) 30–56 – – D,G,O 169
S20→25I50→70C20→25(3) 56–82 – –
S15→25B50→70C15→25(3) 55–81 – –
EOBO(2) 6–7 Gyr/Lam Lam A,B 170

171
EO50B50 11 Lam Lam C,M,P

172
EO50B50/B3 14 Lam/Cyl/Sph Lam(Br)/Cyl/ A,C–E 87

Sph
E18→59VCH41→82(5) 27 Sph Sph A,C 42

Dis/Sph/Cyl/ A,D
EO6→79I21→94(25) 5–84 Lam 173

HPL/Gyr/Lam G,K
EO50S50/S5 23 Cyl Cyl A–C,J 174

Dis/Lam/PLS/
EO3→33S33→48I34→49(10) 19–30 – A,C,G 120

C–S Cyl/SPLS
EO51B49 11 Lam Lam A,C–E 175
S35B15C50 150 Cyl/Lam Cyl/Lam/Stes C,E 125
S10→63EO4→37C21→86(5) 24–150 – –
S39EO61 46 – –
EO11C78EO11 71 – – B,D 30
C10→30EO4→37S6→34 25–175 – –
EO4→37C10→30(4)

A,C
S14EP57→64E22→29(2) 109–119 Cyl Cyl 126

D,H
C21→45DTC55→73(6) 18–55 – – D,O 176
E45aP55 100 Lam Lam D,C 177
EO39S61 28 HPL HPL A–C,G 38
EOB 7–25 – Lam/Sph H 178
B11→24I39→70EO19→42(4) 68–135 Cyl/Lam Cyl/Lam 29

A–D,B 100
E11→24EP40→71EO18→41(6) 67–138 Lam Lam 101

119
S39→81EO19→61(2) 19–46 – –
S27C73 81 – – 29
S23→62B21→52C11→56(5) 62–110 C–S Cyl/Lam C–S Cyl/Lam
S23→62E21→52C11→56(5) 62–110 Cyl/Lam Cyl/Lam
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Table 1 (continued)

System a Mn Melt Morphology c Method d Ref.
(kg mol–1) morphology c

EO39S61 28 HPL HPL A,B 39
Lam/Cyl/ Lam/Cyl/

EO55BO45/BO1→2(9) 6–12 A,D,E 179
Sph Sph

EO46B54 8 Lam Lam A,H 180
EO39

4I61
5 10 Cyl/Gyr Lam(T) A,D 181

C3→17B83→97(4) 100 Sph Sph A,D,B 22
21

E14SEB86(5) 35–74 Sph/Cyl Dist(Br)/Sph A–D
91

EG34→70B30→66(4) 8–16 Lam/Cyl Cyl/Lam A,D,E 113
CHE35.5→38.5E23→29 40–107 Cyl Cyl A,C 182
CHE35.5→38.5(6) D,H

Lam/Lam(Br)/A,B 10
E26→27MB73→74(4) 35 b–8 b Dis/Cyl

Cyl/Cyl(T) C,D,G 21
A,C

E48aP52 113 b Lam Lam 26
D,Q,R

EO1S3 4 Dis Lam/ A,B,G 183
HPL H,R–T 184

S29EO42S29 14 Lam Lam/Lam(Br) A,B,D 40
EO21→66BO34→79(16) 2–25 NC/Dis/ Lam(Br) 96

Sph/Cyl/Lam
EO13→28BO36→74EO13→28(13) 6–15 Cyl/Gyr/Lam Lam(Br) A,D,E 191
BO12→38EO24→66BO12→38(15) 5–13 Dis/Sph/Cyl/ Lam(Br)

Gyr/Lam
EO30→43BO14→40EO30→43(10) 2–10 – – U 192

A,C
S8→33EP37→76E11→30(3) 115–121 – Cyl 185

D,H
S54C46 18 Lam Lam H,D 19
EO20→70D30→80(2) 18 – – D 109
S54C46 19 – – H 186
EO17B83 25 Sph Sph A,B,D 85
S13EP71E16 103 Cyl Cyl

A,C,D 187
S76E24 50 Cyl Cyl

A,B
D23→77C77→23(3) 11–35 – – 107

D,E
D23C77 35 – Lam H 103
EO17B83 33 Sph RL or EP A,C 188
EO21B79/B12→17

1→3(4) 11–26 Sph E A,C 189
193

EO37→48S52→63(4) 18–118 Lam Lam, DG, C A,B,D
194

EO37BO63/B2 7 Sph Sph
A,D 195

S30EO40S30 16 Lam Lam(Br)
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Table 1 (continued)

System a Mn Melt Morphology c Method d Ref.
(kg mol–1) morphology c

A,B
E48EO52 2 Lam Lam 197

D,M
C42→69E31→58(3) 8–18 Lam/Cyl Lam A,C,D 198

B,D,
LLA32→71EG68→29(3) 7–17 – Stes 199

E,V
A,B,

S41LLA59 35 Lam Lam 196
C,D
A,B,

LLA6→37EO89→26LLA6→37(4) 40–51 Hom Stes 200
D,E
A,B,

LLA44C56 21 Hom Stes 201
D,E
A,B,

LLA60C40 25 Hom/Lam Stes 201
D,E

EO19C81 27 b – Stes B,D,E 202

a System: aP(atactic polypropylene); B(Polybutadiene); BO(Poly(butylene oxide)); C(Poly-
caprolactone); Ch(Cyclohexane); CHE(Poly(cyclohexyl ethylene)); D(Polydioxanone);
DC(Dodecanoic acid); DS(Poly(dimethyl siloxane)); DTC(2,2-dimethyltrimethylene car-
bonate); E(Polyethylene); EE(Poly(ethyl ethylene)); EG(Poly(ethylene glycol)); EIbr
(Branched Poly(ethylene imine)); EIcy(Cyclic Poly(ethylene imine)); EIli(Linear Poly(ethyl-
ene imine)); EO(Poly(ethylene oxide)); EP(Poly(ethylene-alt-propylene)); ET(Poly(ethyl-
ene terephthalate)); hhP(head to head polypropylene); I(Polyisoprene); LLA(Polylactide);
MB(Poly(1,3 methyl-1-butene)); MMA(Poly(methyl methacrylate)); S(Polystyrene); SEB
(Random Terpolymer styrene-ethylene-butene); THF(Poly(tetrahydrofuran)); VCH(Poly-
(vinyl cyclohexane)); In those cases where several compositions of the same block copoly-
mer were prepared, the composition range is given in the subscripts, and the number
in brackets immediately following the block copolymer notation indicates the number of
compositions. Superscripts indicate molecular weight in kg mol–1.
b Mw
c The column Morphology gives the final morphology after crystallization. Lam lamel-
lae, Cyl cylinders, Sph spheres, Gyr gyroid, DG double gyroid, C-S core–shell), Co-Cont
co-continuous, HPL hexagonally perforated layer, PLS perforated lamellar structure,
SPLS semiperforated lamellar structure, PCcrys perforated C-block crystal, OLS oriented
lamellar structure, UL undulated lamellae, Hom homogeneous, Inter intermediate, Dis
disordered, Dist distorted, OS ordered structure, Ax axialites, Stes spherulites, E ellip-
soidal, RL rodlike, EP elongated prolate, Br breakout, T template, In inconclusive, NC not
conclusive.
d A small-angle X-ray scattering, B wide-angle X-ray scattering, C transmission electron
microscopy, D differential scanning calorimetry (DSC), E optical microscopy, F short-
wave reflection method, G rheology, H atomic force microscopy, I shear wave reflection),
J wide-angle.
X-ray diffraction, K dilatometry, L large-amplitude oscillating shear, M Fourier trans-
formed IR spectroscopy, N X-ray photoelectron spectroscopy, O dynamic contact angle,
P stress–strain measurements, Q interference optical microscopy, R small-angle light
scattering, S small-angle neutron scattering, T dynamic light scattering, U static light
scattering, V Raman spectroscopy.
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We will start this review by considering the crystallization within isolated
MD structures and its consequences for the nucleation phenomena. This is
a subject that has been presented in a previous review [44], but where very re-
cent works have made an important impact in its understanding, we feel that
a unifying picture from a historical perspective is needed.

2
Homogeneous Nucleation and Fractionated Crystallization

Polymer nucleation can occur via spontaneous chain aggregation to form
homogeneous nuclei. This homogeneous nucleation process requires the cre-
ation of new surfaces and, therefore, is energetically costly and occurs at
typically large supercoolings. The nucleation on pre-existing surfaces is en-
ergetically favored and therefore most polymers in the bulk tend to nucleate
on heterogeneities (catalyst debris, impurities and other types of hetero-
geneities). This process is known as heterogeneous nucleation. A special case
to be considered later is that of self-nucleation where self-seeds or crystal
fragments of the same polymer are generated to be used as ideal surfaces
where the polymer can epitaxially nucleate. Since homogeneous nucleation
would require the total absence of impurities and very large supercoolings, it
is a rarely occurring phenomenon in bulk polymers.

The homogeneous nucleation phenomenon was first studied by droplet
crystallization experiments performed on metals [57–60], alkanes [61] and
polymers [62–66] when dispersed in inert low molecular weight media. The
idea was that when the polymer in the bulk is subdivided into a number of
droplets that is larger than the number of active heterogeneities present in
the polymer, there should be a certain number of droplets without any active
heterogeneity.

The preparation of immiscible polymer blends is another way to disperse
a bulk polymer into fine droplets. It has been reported for several poly-
mers that when they are dispersed in immiscible matrices into droplets with
average sizes of around 1 µm, they usually exhibit multiple crystallization
exotherms in a differential scanning calorimetry (DSC) cooling scan from the
melt (at a specific rate, e.g., 10 ◦C min–1). Frensch et al. [67] coined the term
“fractionated crystallization” to indicate the difference exhibited by the bulk
polymer, which crystallizes into a single exotherm, in comparison with one
dispersed in a large number of droplets, whose crystallization is fractionated
temperature-wise during cooling from the melt.

In order to illustrate the fractionated crystallization behavior we will
present here previous results on immiscible atactic PS and isotactic polypropy-
lene blends (iPP) [68]. The cooling behavior of PS, iPP and an 80/20 PS/iPP
blend is presented in Fig. 1, as well as that of an “unmixed blend”, labeled
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80/20 UB (prepared using the same weight proportions of PS and iPP as in
the corresponding melt mixed blend, but placing both polymers in a DSC
pan separated by aluminum foil, so that no contact between the two poly-
mers is made). The iPP homopolymer crystallizes with a single exotherm
at 111 ◦C. The cooling DSC scan of PS only shows its Tg, at approximately
100 ◦C. A superposition of these two scans can be seen in the 80/20 PS/iPP
UB. Figure 1 shows the crystallization of the 80/20 PS/iPP melt mixed blend
as compared with that of the UB (80/20 UB). The iPP is dispersed in fine
droplets of approximately 1 µm in diameter [68].

The melt mixed 80/20 PS/iPP blend displays a set of exotherms, where the
amount of the iPP component that was heterogeneously nucleated is substan-
tially reduced as indicated by the decrease of the crystallization enthalpy in
the temperature region where the iPP crystallizes in bulk, i.e., at 109–111 ◦C
(exotherm labeled A). This effect is due to the confinement of iPP into a large
number of droplets. If the number of droplets of iPP as a dispersed phase is
greater than the number of heterogeneities present in the system, fractionated
crystallization occurs. The number of droplets for this composition is known
(by scanning electron microscopy observations) to be of the order of 1011 par-
ticles cm–3 and polarized optical microscopy (POM) experiments have shown
that this iPP contains approximately 9×106 heterogeneities cm–3. In fact, it
can be seen in Fig. 1 that the fractionated crystallization of the iPP compon-

Fig. 1 Differential scanning calorimetry (DSC) cooling scans from the melt, at
10 ◦C min–1, of the following materials (from top to bottom): Isotactic polypropylene
(iPP); iPP after self-nucleation treatment at Ts = 162 ◦C; 80/20 polystyrene (PS)/iPP
melt mixed blend; 80/20 PS/iPP melt mixed blend after self nucleation treatment at
Ts = 161 ◦C; 80/20 PS/iPP unmixed blend (UB), see text; and atactic PS homopolymer.
(From [68] with permission)
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ent follows, in such a way, that the iPP crystallization occurs in at least four
distinct steps, labeled A, B, C and D in decreasing temperature order [68].

The most likely explanation for the appearance of four different exotherms
in the melt mixed PS/iPP 80/20 blend is the fact that when the polymer is
dispersed into droplets, the content of the heterogeneities of each droplet is
probably different and also the polymer may contain different types of het-
erogeneities which activate at different supercoolings, depending on their
specific interfacial energy differences with the polymer melt. When the poly-
mer is in the bulk, the heterogeneity with the lowest specific interfacial energy
difference (e.g., heterogeneity A) will be activated at lower supercoolings and
will dominate the crystallization of the polymer via secondary nucleation at
the crystals created. This is the case of iPP in Fig. 1, in which there is no
chance for other heterogeneities that may be activated at higher supercool-
ings to cause any nucleation since the polymer crystallizes at higher tempera-
tures (it is precisely this effect that can be inhibited if the original volume of
the material is divided into many small droplets). However, if the polymer
also contains less active heterogeneities, which we shall term B and C, they
could cause nucleation only when the polymer is dispersed into fine droplets.

For the 80/20 PS/iPP blend we could consider that only a certain droplet
population contains type A heterogeneities while others may contain type B
ones and so on. A number of exotherms will be generated depending on
the relative supercoolings needed to activate each dominating heterogeneity
within a certain droplet population. Statistically, some droplets will con-
tain no heterogeneities at all, and in that case, homogeneous nucleation will
occur. In the present case, the origin of the lowest-temperature exotherm
observed (i.e., exotherm D) may be the crystallization of a small group of
heterogeneity-free droplets that could have been homogeneously nucleated.
Homogeneous nucleation should occur at the highest attainable supercooling
for a specific volume or droplet size. For detailed studies on homogeneous
nucleation and fractionated crystallization of polyolefin droplets in an im-
miscible matrix, the reader is referred to previous works and references
therein [68–74].

The ultimate demonstration that the peculiar crystallization behavior of
the 80/20 PS/iPP blend is due to the lack of highly active nuclei in every
droplet is provided by self-nucleation experiments and/or by the addition of
a nucleating agent [68–74]. In a self-nucleation experiment, a polymer with
an initial crystalline “standard” state is heated to a given temperature, de-
noted the self-nucleation temperature, Ts [75]. If Ts is high enough to melt
most of the polymer except for a certain number of crystal fragments, re-
crystallization takes place upon subsequent cooling, employing as nuclei the
crystallographically “ideal” seeds which are left unmolten during heat treat-
ment at Ts. When Ts is lower, partial melting is achieved and a large popula-
tion of crystals is not melted and therefore anneals during heat treatment at
Ts. Normally, three self-nucleation domains can be ascribed to crystallizable
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polymers depending on the self-nucleation temperature applied . In domain I
or the “complete melting domain”, the crystallization temperature (Tc) upon
cooling from Ts remains constant and no self-nucleation can be detected. Do-
main II or the “self-nucleation domain” occurs when heat treatment at Ts
causes a shift in crystallization temperature (during subsequent cooling from
Ts) to higher temperatures with decreasing self-nucleation temperature. Fi-
nally, in domain III or the “self-nucleation and annealing domain”, annealing
and self-nucleation take place simultaneously.

Figure 1 shows the DSC cooling scan of iPP in the bulk after self-nucleation
at a self-seeding temperature Ts of 162 ◦C (in domain II). The self-nucleation
process provides a dramatic increase in the number of nuclei, such that bulk
iPP now crystallizes at 136.2 ◦C after the self-nucleation process; this means
with an increase of 28 ◦C in its peak crystallization temperature. In order
to produce an equivalent self-nucleation of the iPP component in the 80/20
PS/iPP blend a Ts of 161 ◦C had to be employed. After the treatment at Ts,
the cooling from Ts shows clearly in Fig. 1 that almost every iPP droplet can
now crystallize at much higher temperatures, i.e., at 134.5 ◦C. Even though the
fractionated crystallization has disappeared after self-nucleation, it should
also be noted that the crystallization temperature in the blend case is nearly
2 ◦C lower than when the iPP is in the bulk; this indicates that when the poly-
mer is in droplets the process of self-nucleation is slightly more difficult than
when it is in the bulk. In the case of block copolymers when the crystal-
lization is confined in nanoscopic spheres or cylinders it will be shown that
self-nucleation is so difficult that domain II disappears.

It should be pointed out that another possible source of nucleation is the
interface between the two phases under consideration. In some of the early
droplet works, the authors found that the greatest supercooling needed for the
crystallization of a certain droplet population was dependent on the superfi-
cial characteristics of the droplets [60, 62, 66].

Turnbull and Cech [58] analyzed the solidification of small metal droplets
in sizes ranging from 10 to 300 µm and concluded that in a wide selection of
metals the minimum isothermal crystallization temperature was only a func-
tion of supercooling and not of droplet size. Later, it was found that the
frequency of droplet nucleation was indeed a function of not only crystalliza-
tion temperature but also of droplet size, since the probability of nucleation
increases with the dimension of the droplet [76]. However, for low molecu-
lar weight substances the size dependence of the homogeneous nucleation
temperature is very weak [77–80].

In the case of polymer blends, the fractionated crystallization phe-
nomenon that has been widely reported for many polymer systems can not be
attributed to simple size effects. For instance, in Fig. 1, one could argue that
the different exotherms originated in the crystallization of different droplet
populations that have diverse average diameters. This cannot be the case,
since the droplet distribution is monomodal and a smooth variation in heat
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evolved as the crystallization temperature is lowered would be expected for
size effects only, so a single exotherm would be the result of the crystalliza-
tion of such a monomodal distribution of droplets. This is indeed the case for
each exotherm examined. So, within exotherm C, for example, there is a dis-
tribution of crystallization temperatures that probably reflects the droplet size
distribution for that particular droplet population that contains the weakly
nucleating heterogeneity C.

It has been previously shown [76] that the rate of formation of homoge-
neously nucleated folded chain nuclei, I, is given by

I = I0 exp
(
– ∆F±/kT

)
exp

[

–
32σ2σe

(
T0

m
)2

kT
(
∆T

)2 (
∆Hv

)2

]

, (1)

where I0 is a temperature-independent pre-exponential function that depends
on molecular parameters and sometimes on crystal geometry, ∆F± is the en-
ergy barrier for diffusion across the melt–crystal interface, k is the Boltzmann
constant, T is the absolute temperature at which crystallization occurs, σ and
σe are the lateral and fold surface free energy of the nucleus, respectively, T0

m
is the equilibrium melting point, ∆T is the supercooling (= T0

m – T) and ∆Hv
is the enthalpy of crystallization of an infinite crystal.

The freezing of droplets of a given size follows a first-order equation that
can be written as [76]

1 – NF/No = exp
(
– kit

)
, (2)

where NF is the number of droplets frozen at time t, N0 is the total number of
droplets of size i and ki is given by

ki = viI , (3)

where vi is the volume of each droplet of size i. A rate dependence on droplet
volume is therefore expected. It has been argued [76] that since the supercool-
ing for homogeneous nucleation is usually large, the growth rate will also be
very large; therefore, once a nucleus is formed in a drop, the drop will instan-
taneously crystallize. Using this argument, we can equate the rate of droplet
solidification to the rate of nucleus injection.

For heterogeneous nucleation the equivalent nucleation rate is given
by [76]

I = I0 exp
(
– ∆F±/kT

)
exp

[

–
16σσe

(
∆σ

) (
T0

m
)2

kT
(
∆T

)2 (
∆Hv

)2

]

, (4)

where ∆σ is a complex surface free-energy term that takes into account the
differences in interfacial energy between the heterogeneity causing the nucle-
ation, the crystal and the melt. Comparing Eqs. 1 and 4, we can be appreciate
that as long as ∆σ < 2σ at a given temperature, the heterogeneous nucle-
ation process will dominate and homogenous nucleation will always be absent
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in this case. The temperature dependence of the nucleation rate in the ho-
mogeneous case should therefore be larger than in the heterogeneous case.
Apart from this fact, in both cases a plot of I versus 1/[T(∆T)2] should yield
a straight line. Therefore, it is not an easy task to demonstrate that the process
is homogeneous with absolute certainty from nucleation rate measurements
as a function of temperature. The values of the product of superficial energies
can be calculated but they are difficult to compare with theoretical estimates
or with values obtained by other techniques since the reported range can be
quite large for a given polymer.

Turnbull [60] was able to show in the case of mercury droplets (2–8 µm)
that when they are coated with mercury laureate, they solidify isothermally
at rates that are proportional to the droplet volume at maximum supercool-
ing (isothermal crystallization temperatures from – 117 to – 119 ◦C). The
isothermal freezing kinetics was satisfactorily described by the homogeneous
nucleation theory for condensed systems [81]. When the droplets were coated
with mercury acetate, they crystallized isothermally at higher temperatures;
the kinetics of solidification was determined in a temperature range from
– 85.01 to – 86.08 ◦C. In this case, the frequency of droplet freezing was pro-
portional to droplet area and was in good agreement with a heterogeneous
nucleation theory that describes the formation of crystal embryos on the sur-
face of a nucleation catalyst [82]. In this case, it was clearly demonstrated
that the surface of the droplet was causing the nucleation effect. It is remark-
able that in both cases, the volume homogeneous nucleation and the surface
heterogeneous nucleation, the rate of crystal nucleation followed first-order
reaction kinetics described at constant temperature for a given dispersion
by a single value of nucleation frequency/volume or area. Therefore, only
finding a first-order nucleation rate is not a demonstration that volume ho-
mogeneous nucleation has been obtained since a surface nucleation effects
may also yield similar kinetics.

An ingenious new method of studying the crystallization of finely dis-
persed poly(ethylene oxide) (PEO) droplets was recently reported by Massa
et al. [83]. They produced an ensemble of impurity-free PEO droplets by
dewetting a spin-coated thin film on an unfavorable PS substrate. The dewet-
ting process is capable of cleaning the material, leaving on the PS substrate
the contaminants that can act as heterogeneities. The size of the PEO droplets
produced by this technique can be controlled by varying the thickness of the
deposited film before dewetting. In the example presented in their paper, the
authors produced a PEO (Mw = 27 000 and Mw/Mn = 1.09) droplet distribu-
tion with diameters ranging from 8 to 16 µm. They determined by POM the
fraction of droplets that were able to crystallize as a function of temperature
during controlled cooling (0.4 or 0.1 ◦C min–1) or as a function of time during
isothermal runs. In the case of controlled cooling from the melt, they found
that the droplets crystallized from – 2 until – 7 ◦C. For PEO in the bulk or in
the case of droplets containing heterogeneities, the crystallization range em-
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ploying identical conditions was 56–46 ◦C. In order to demonstrate that the
clean droplet dispersion was nucleating homogeneously, they employed cor-
relation plots for two consecutive runs where they followed the solidification
of the same group of droplets. In the case of heterogeneous nucleation, a clear
correlation was found between the crystallization temperatures of the first
and the second run, indicating that the defect that induces nucleation is de-
termining the activation energy. In contrast, for homogeneous nucleation, the
data were clustered around the temperature at which the nucleation rate was
maximum, – 5 ◦C, since the activation energy is a function of PEO itself and
is therefore identical within each droplet provided the size is the same.

Figure 2 presents results from Massa and Dalnoki-Veress [84] where the
fraction of solidified droplets as a function of temperature is represented for
an ensemble of clean PEO droplets obtained by dewetting. An optical mi-
crograph taken at a specific temperature (Tc = – 2.6 ◦C) indicates that the
crystallized droplets are easily recognizable by their birefringence as com-
pared with dark amorphous droplets. Performing isothermal experiments,
they monitored the crystallization of droplets of several sizes. Then, they
fitted an equation similar to Eq. 2 to their experimental data for different
droplet diameters. They found that, as expected, the nucleation rate was faster
for larger droplets and by plotting the time constant associated with the nu-
cleation event (i.e., τ = 1/ki) as a function of droplet radius in a semilog plot,
a scaling of τ ∝ R–3 was obtained. This result indicates that homogeneous
bulk nucleation is present in the PEO droplets and that the surface is not
responsible for the nucleation observed.

Fig. 2 Optical microscopy image of a small section of a poly(ethylene oxide) (PEO)
droplet dispersion sample, see text (1000-mm wide) obtained at Tc = – 2.6 ◦C. Amorphous
droplets appear dark and semicrystalline droplets appear white under nearly crossed po-
larizers. The plot shows the fraction of crystallized droplets as a function of temperature
upon cooling (0.4 ◦C min–1) for homogeneous nucleation. (Reprinted with permission
from [84]. Copyright 2004 by the American Physical Society)
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The effect of particle size on the homogeneous nucleation temperature of
droplets has been examined for a number of low molecular weight materi-
als and although a clear trend of decreasing crystallization temperature of
the droplets as the droplet diameter decreases has been found, the crystal-
lization temperature only varies within 1 or 2 ◦C in the materials and droplet
size range examined so far. For example, water droplets trapped within lipo-
somes freeze at decreasing temperatures [77]; when the particle size decreases
from 0.49 to 0.14 µm the crystallization temperature decreases from – 40.6
to – 41.7 ◦C (these temperatures were determined by DSC at a cooling rate
of 10 ◦C min–1). In the case of narrowly dispersed microdroplets produced
by a miniemulsion, droplets of hexadecane ranging in diameter from 410 to
136 nm have been produced [79]. The droplets can homogeneously nucleate
and their crystallization temperatures decreased monotonically from – 3.2 to
– 5.0 ◦C as the droplet size decreased (these temperatures were determined
by DSC at a cooling rate of 5 ◦C min–1). A similar result was found for NaCl
solution droplets ranging from 330–109 nm, whose crystallization tempera-
tures decreased from – 44.6 to – 46.6 ◦C. A series of alkane droplets prepared
by mini-emulsion have yielded very similar results [79].

Figure 3 shows a plot of the volume normalized nucleation time constant
as a function of isothermal crystallization temperature for PEO droplets,
taken from the work of Massa and Kalnoki-Veress [84]. As expected, droplets
of different volumes have the same value of τV. The inset in Fig. 3 is a plot
consistent with classical nucleation theory (see Eqs. 1, 4); only the last four
data points correspond to the work of Massa and Kalnoki-Veress. The first

Fig. 3 Semi-logarithmic plot of the volume-normalised time constant, τV, as a function
of temperature. The data shows a linear dependence when τV is plotted as a function of
1/[Tc(Tm – Tc)2] as is expected from classical nucleation theory (see inset). (Reprinted
with permission from [84]. Copyright 2004 by the American Physical Society)
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group of data points correspond to experiments of Röttele et al. [85], who
studied by atomic force microscopy the crystallization of PEO within a PB-b-
PEO block copolymer (with 17% PEO and 4300 g mol–1 for the PEO block).
The PEO was confined into 12-nm-diameter spherical MDs in a PB matrix.
The isothermal crystallization temperature range for these much smaller PEO
spheres encompasses – 31 to – 24 ◦C, while the data of Massa and Kalnoki-
Veress are for much larger PEO droplets of approximately 8–16 µm in diam-
eter that were isothermally crystallized in the range – 6 to – 3 ◦C. In both cases
the authors demonstrated that the nucleation was homogeneous. This is prob-
ably the largest homogeneous nucleation temperature range ever reported
for any material crystallized into droplets. The reason for such behavior is
probably the large differences in droplet volumes, which span a range from
905 nm3 for the 12-nm-diameter spheres to 268–536×109 nm3 in the case of
the larger droplets (diameter range 8–16×103 nm), i.e., a factor of approxi-
mately 109 difference in volume or 103 in diameter. Such a large difference in
droplet size produced a maximum difference in the homogeneous crystalliza-
tion temperature of 28 ◦C, an unusually large variation.

As already discussed, homogeneous nucleation is a process that may be
encountered when the material is finely dispersed into droplets or isolated
MDs, as long as the number of MDs outnumbers all active heterogeneities
present in the polymer by a large factor. The difference with heterogeneous
nucleation may not be easily established by the temperature dependence of
the nucleation rate unless firm knowledge of superficial energies is indepen-
dently gained. Homogeneous nucleation is a process that should occur at
the largest possible supercooling, although the temperature range has been
found to vary depending on the specific material employed (Sect. 3). It is
also noteworthy that homogeneous nucleation can be described by first-order
kinetics. However, possible surface nucleation effects that could also be de-
scribed by first-order kinetics must be taken into consideration. One way to
distinguish between surface and bulk homogeneous nucleation is to deter-
mine the scaling of the time constant, associated with the nucleation event,
with the particle diameter in the case of droplets. Another important fac-
tor is that since the nucleation is time-dependent, care should be taken upon
comparing dynamic and isothermal crystallization temperatures before at-
tempting to interpret them as arising from homogeneously nucleated crystals.
Finally the volume of the droplets or the MD should also be considered, since
it can be very important for specific materials.

3
Homogeneous Nucleation
and Fractionated Crystallization in Block Copolymer Microdomains

Several factors contribute to make block copolymers with crystallizable
blocks an ideal system to study homogeneous nucleation: the purity involved
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in the synthesis, the size of the MD which can easily reach the nanoscopic
scale and the nature of the interphases that are present in strongly segregated
systems, which could lead to less interference from interphase nucleation
than the interface between dispersed droplets and the matrix in immiscible
blends. Nevertheless, this last possibility (i.e., surface nucleation) may also
occur in block copolymers and needs considering. On the other hand, the
connectivity of the chains through covalent bonds and the variable segrega-
tion strength (which depends on χN) means that if the MDs are not well
defined, the possibility of percolation and therefore of the spread of hetero-
geneous nucleation by secondary nucleation can complicate the behavior.

Since PEO is a polymer that has been widely used as a crystallizable block
copolymer component, and there is also a wide range of data on PEO droplets
produced in a wide range of sizes, we would like to use PEO as an example
to illustrate the great diversity of literature reports on its crystallization tem-
perature and kinetics as a function of morphology. One interesting aspect
about PEO is that its glass-transition temperature (Tg) is located, depending
on the sample molecular weight, in the range – 60 to – 50 ◦C (as determined
by DSC with a heating rate of 10 ◦C min–1), and the homogeneous nucleation
temperature in the case of nanoscopic spheres has been reported to be very
close to Tg [29].

Figure 4 compiles dimension and crystallization temperature data that
have been reported for PEO spheres, in a very wide range of sizes. Only

Fig. 4 Reported dynamic crystallization temperatures for PEO isolated spheres as a func-
tion of their volume (bottom x-axis) and diameter (top x-axis). The inset shows dynamic
(symbols with vertical bars) and isothermal crystallization (vertical dashed bars) tempera-
ture ranges for PEO spheres, see text
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references where the PEO spheres have most probably been homogeneously
nucleated were chosen to prepare this figure. The biggest spheres correspond
to those prepared by dewetting by Massa et al. [83], the intermediate-size PEO
spheres (diameters of approximately 100 nm) were prepared by miniemul-
sion polymerization [86]. The smallest spheres correspond to nanodroplets
obtained within block copolymers or in blends of block copolymers with
a homopolymer where spherical morphologies have been obtained (Table 2).

The triangles in Fig. 4 correspond to peak crystallization temperatures (or
the temperature at which the crystallization rate was a maximum) obtained
during cooling PEO from the melt at rates ranging from 5 to 0.4 ◦C min–1;
these will be referred to as dynamic crystallization temperatures. In refer-
ences where DSC cooling scans are reported, we have measured the crystal-
lization onset and final temperatures and plotted them with a vertical line
as a temperature range around the triangles in Fig. 4. On the other hand,
there have been several reports of isothermal crystallization of PEO spheres
and the experiments reported therein were usually performed for a wide
range of crystallization temperatures; all of these temperatures are reported
in the inset of Fig. 4 using vertical dashed lines to encompass the reported
isothermal temperature range (both isothermal and dynamic crystallization
temperatures are reported in the inset, only the data reported with triangles

Table 2 Data corresponding to poly(ethylene oxide) (PEO) spheres prepared by different
methods (see Fig. 4)

Diameter (nm) System Reference Tc range

6.0 EO17B20/PB63 188 – 50 → – 23 i

7.5 EO17B20PB63 87, 92, 189 – 37 → – 26 d

8.1 EO17B20/PB63 87, 92, 189 – 37 → – 26 d

8.7 EO17B71/PB12 87, 92, 189 – 35 → – 26 d

9.4 EO17B71/PB12 87, 92, 189 – 50 → – 23 i

9.7 EO17B20/PB63 87, 92, 189 – 35 → – 26 d

10 EO17B83 188 – 50 → – 23 i

10 EO17B20/PB63 87, 92, 189 – 50 → – 23 i

12 B83EO17 23, 85 – 35 → – 24 d

30 EOwBy 188 – 50 → – 23 i

83 PEO nanodroplets 86 – 30 → – 15 d

120 PEO nanodroplets 86 – 28 → – 13 d

7600 PEO droplets 83, 84 – 6 → – 3 d

16 000 PEO droplets 83, 84 – 6 → – 3 d

i: isothermal crystallization data, d: dynamic crystallization data
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correspond to dynamic crystallization conditions). For the purpose of find-
ing a correlation between crystallization temperature and sphere volume or
diameter, only the values measured under dynamic conditions (peak crys-
tallization temperatures or the temperature at which the crystallization rate
was a maximum during cooling from the melt) were taken into account. The
fittings to these dynamic crystallization temperatures are very good:

Tc =
[
– 41.8 + 2.89 log

(
vd

)]
, (5)

Tc =
[
– 39.9 + 8.9 log

(
d
)]

, (6)

where vd is the droplet volume and d the droplet diameter. The correlation
coefficient for these fittings was 0.995 in both cases, in spite of the variation
in scanning rates employed by different authors. The data employed to con-
struct Fig. 4 can be found along with the corresponding references in Table 2.
It is clear that in the case of PEO a correlation exists between droplet size and
the homogeneous nucleation temperature, as was previously pointed out by
Massa and Kalnoki-Veress [84] and by Chen et al. [87] since the probability
of nucleation and the nucleation rate (Eq. 3) depend on sample volume. The
variations of Tc are in this case quite large compared with those reported for
low molecular weight compounds for which droplet size was varied.

Another interesting implication of the data compiled in Fig. 4 is that when
Tc is plotted as a function of the inverse of the sphere diameter, the limit
where the sphere diameter tends to infinity should correspond to the crystal-
lization temperature of homogeneously nucleated PEO in the bulk. In other
words, this would be the maximum temperature at which homogeneous nu-
cleation for PEO could ever be observed, for very large heterogeneity-free
PEO phases or even bulk PEO. Such a temperature depends on the fitting
expression employed; however, it should correspond to a crystallization tem-
perature close to – 5 ◦C or between – 10 and 0 ◦C.

The overall isothermal crystallization kinetics of polymers can be de-
scribed by the Avrami equation [88–90]:

1 – vc = exp(– Ktn) , (7)

where n is the Avrami index, a parameter that indicates the dimensionality
of growth together with nucleation type, K is the overall relative transform-
ation rate constant (its value includes contributions from both nucleation and
growth) and vc is the relative volume crystalline fraction (its value ranging
from 0 to 1; therefore, it is a normalized value with respect to the maximum
crystallinity achieved during the crystallization time employed). When n = 1,
the Avrami equation reduces to a first-order equation of the type presented
before to rationalize the freezing of polymer droplets (Eq. 2).

Loo et al. [21, 42, 44, 91] reported a simple exponential decay (n = 1) for
polyethylene-b-poly(styrene-ran-ethylene-ran-butene) [PE-b-poly(SEB)] di-
block copolymers in which the PE blocks form isolated spheres or cylin-
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ders. They have also explored the influence of the confinement level on the
crystallization kinetics of PE-b-poly(vinylcyclohexane) (PE-b-PVCH) diblock
copolymers [42]. They concluded that the crystallization kinetics strongly
reflects the connectivity of the PE MDs in such way that homogeneous nu-
cleation and first-order kinetics were obtained for spheres or cylinders of
PE, whereas conventional sigmoidal kinetics (i.e., n > 1) is obtained for the
highly interconnected gyroid structure and in some cases for lamellar di-
blocks which have defects that cause certain interconnectivity. They claim
that the first-order kinetics implies that crystallization is isolated within in-
dividual MDs, resulting in a crystallization rate that is proportional to the
fraction of material not yet crystallized, i.e., that the crystal growth must
be essentially instantaneous within spherical or cylindrical domains and ho-
mogeneous nucleation is the rate-determining step in the crystallization.
Such arguments had been employed previously when analyzing the freez-
ing of polymer droplets [76]. This assumption is based on the fact that the
free-energy barrier for homogeneous nucleation is much higher that that as-
sociated with crystal growth. Therefore, the n exponent depends only on the
volume of the crystallizable MD and not on the MD dimensionality or shape.
Such dependence was initially proposed by Turnbull et al. [60–63] when they
studied the crystallization kinetics of droplets. Similar first-order kinetics for
PEO spheres was obtained by Chen et al. [92], Massa and Kalnoki-Veress [84]
and Reiter et al. [23]. Zhu et al. [37] also found values of n of around 1 for
PEO cylinders, but they gave a different explanation for their results. They
attributed the low n values to a hard confinement that restricts the crystal
growth of PEO-b-PS diblocks to one dimension assuming that the nucleation
is athermal. Their crystallization temperatures in the cases where n was 1 or
lower were also too high (i.e., 22–30 ◦C) as to be associated with a previous
homogeneous nucleation process.

Lotz and Kovacs [93] reported n = 0.5 many years ago when their PS-b-
PEO diblock copolymers crystallized at very large supercoolings (i.e., homo-
geneous nucleation was assumed to take place). However, the origin of this
result was not explained.

Balsamo et al. [94] in a recent contribution considered that the Avrami
exponent is given by the addition of two terms:

n = nn + ngd , (8)

where nn is the fraction of the exponent related to nucleation and ngd that re-
lated to growth dimensionality. Using the conventional Avrami analysis that
takes into account whether the nucleation is instantaneous or sporadic (nn
would be 0 or 1, respectively) and the dimensionality of the growth (ngd can
have values from 1 to 3 for one-dimensional to three-dimensional growth),
values less than 1 cannot normally be explained, because 1 would be obtained
when the nucleation is athermal (or instantaneous) and the growth is one-
dimensional. However, if we follow the argument that growth is so fast that
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the crystallization kinetics is completely dominated by the nucleation process
(a consideration that would be equivalent to considering ngd = 0 in Eq. 8),
then a value of n < 1 can only imply that nucleation is not completely spo-
radic, but that it is somewhere in between sporadic and instantaneous. In fact,
in most cases polymer nucleation is not purely instantaneous or purely spo-
radic but ranges between the two extremes, and this is considered to be one
of the reasons why integer Avrami indexes are rarely encountered [95].

Figure 5 and Table 3 present a compilation of literature data correspond-
ing to the crystallization of PEO for block copolymers with a PEO block,
or blends of such block copolymers and a homopolymer. The data com-
prise both dynamic and isothermal crystallization temperatures for all types
of morphology reported, i.e., spheres, cylinders and lamellae, regardless of
whether the crystallization proceeds via homogeneous or heterogeneous nu-
cleation. Bulk PEO is also included. In some cases, the authors performed
crystallization kinetics and obtained values of the Avrami index of 1 or lower
and this is also represented in Fig. 5 (with filled bars), since this could indicate
that homogeneous nucleation was encountered. The horizontal lines shown
in Fig. 5 encompass a temperature range (between – 10 and 0 ◦C, as extrap-
olated previously) that represents the approximately maximum temperature
that could be associated with homogeneous nucleation according to the ex-
trapolation procedure performed with the data of Fig. 4 and explained earlier.
A general rough trend of increasing crystallization temperature in the order

Fig. 5 Schematic plot showing reported crystallization temperatures for PEO in the bulk
and as a component of block copolymers of varying compositions. The morphology of
the PEO block is indicated on the x-axis. The filled bars are for data where isother-
mal crystallization measurements were performed and Avrami indexes of 1 or less were
reported. The horizontal lines indicate the maximum temperature range that can be asso-
ciated with PEO homogeneous nucleation, see text
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Table 3 Block copolymer systems that incorporate PEO as a component (see Fig. 5 and
text)

Bar Reference System Bar Reference System

Spheres Lamellae

1 23, 85 B83EO17 35 36 EO49S51

2 87, 92, 189 EO17B20/PB63 36 113 EO57B43

3 87, 92, 189 EO17B20/PB63 37 113 EO51B49

4 188 EO17B83 38 113 EO33.5B33EO33.5

5 87, 92, 189 EO17B20/PB63 39 113 EO21B58EO21

6 96 EO21BO79 40 37 EO47S53

7 96 BO38EO24BO38 41 175, 172 EO53B47

8 96 BO37.5EO25BO37.5 42 40 S18.5EO63S18.5

9 30, 99, 124 S81EO19 43 29, 100, 101, 119 B19I39EO42

Cylinders 44 96 EO50BO50

11 113 EO34B66 45 96 EO51BO49

12 38 EO36S61 46 96 EO66BO34

13 29, 100 B24I56EO20 47 96 EO52BO48

14 29, 100 B11I70EO19 48 96 EO66BO34

15 29, 100 E24EP57EO19 49 96 EO52BO48

16 29, 100 E11EP71EO18 50 96 EO34BO32EO34

17 96 EO29BO71 51 96 BO33EO34BO33

18 96 EO27BO73 52 96 EO34BO32EO34

19 96 EO36BO64 53 96 EO26BO48EO26

20 96 EO37BO63 54 96 EO35BO30EO35

21 96 EO19BO62EO19 55 96 EO38BO24EO38

22 96 EO18BO39EO43 56 96 EO32BO36EO32

23 96 EO27BO46EO27 57 96 BO17EO66BO17

24 96 EO25BO50EO25 58 96 BO18EO64BO18

25 96 EO23BO54EO23

26 96 BO32EO36BO32 Bulk

27 96 BO32EO36BO32 60 190 –

28 87, 92, 189 EO31B6/PB63 61 86 –

29 87, 92, 189 EO22B15/PB63 62 87, 92, 189 –

30 37 EO32S53/PS15 63 87 –

31 37 EO32S53/PS15 64 113 –

32 30, 99, 124 S63EO16CL21 65 99 –

33 29, 100, 101, 119 E11→24EP40→71EO18→41

The bar number refers to the bar in Fig. 5
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spheres, cylinders, lamellae, bulk PEO can be observed that is consistent with
the increase in PEO volume.

There are many peculiarities associated with the data reported in Fig. 5, in
the sense that some values do not fit the general trend or expectation based on
the concepts outlined in this section. Some of these will be described briefly
in what follows.

We have represented schematically in Fig. 5, the maximum temperature
range that can be associated with homogeneous nucleation temperatures for
PEO. Some data, where Avrami indexes of 1 or lower have been reported, have
crystallization temperatures that fall above this range, so they should not be
associated with homogeneous nucleation. Another origin for the low Avrami
indexes may be involved in these cases.

It is clear from the previous discussion that a proportionality between
crystallization temperature and the volume of the crystallizing phase has been
found for PEO in many cases (Fig. 4), including AB and ABA diblock copoly-
mers; however, there have been reports of exceptions to this trend and they
have also been included in the data compilation of Fig. 5, in particular the ex-
tensive data reported by Xu et al. [96]. In the case of ABC triblock copolymers
a different behavior has also been reported and will be analyzed in detail in
Sect. 5.

Xu et al. prepared a series of PEO-b-poly(oxybutylene), PEO-b-PBO, di-
block copolymers as well as PEO-b-PBO-b-PEO and PBO-b-PEO-b-PBO tri-
block copolymers in a very wide composition range. In these block copoly-
mers, only the PEO block crystallizes. They reported that for PEO-b-PBO
diblock copolymers with “long” PEO blocks (i.e., with a molecular mass of
4840 g mol–1 or higher), the crystallization temperature during cooling at
10 ◦C min–1 is independent of both the volume fraction and the morphology
and is always quite high (i.e., 37–40 ◦C, in the same order of magnitude
as the crystallization temperature of bulk PEO). This is surprising since in
most cases reported in Tables 2 and 3 for PEO spheres within diblock copoly-
mers for instance, the PEO has a molecular mass equal to or higher than
4840 g mol–1 and the composition effect on Tc seems to be quite clear. On
the other hand, the copolymers reported in Fig. 4 are based on PEO-b-PS
and PEO-b-PB or blends of PEO-b-PB/PB, where the segregation strength is
higher than in the PEO-b-PBO system. Furthermore, Xu et al. [96], also re-
ported that for “short” PEO blocks (i.e., with a molecular mass lower than
4840 g mol–1) within PEO-b-PBO, PEO-b-PBO and PBO-b-PEO-b-PBO the
crystallization temperature increases with both the volume fraction and the
length of the PEO block. The authors claimed that the PEO block in some
samples was homogeneously nucleated since its crystallization temperature
“falls into the temperature range normally associated with homogeneous nu-
cleation.” This criterion, however, is not conclusive since the temperatures
reported (the dynamic crystallization temperatures for the PEO block within
these samples were – 19.3, – 28.2, – 21 and – 18.8 ◦C) are not very low for PEO
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small MDs (e.g., they are not that close to PEO Tg values) and therefore no
direct proof for the attainment of homogeneous nucleation is provided. In
fact, they have demonstrated employing small-angle X-ray scattering (SAXS)
that in all these samples isothermal crystallization leads to breakout and
Avrami indexes between 2 and 3. The work of Xu et al. concludes that low-
temperature crystallization does not always imply that crystallization within
confined MDs has occurred, as they have demonstrated in their case by SAXS.
This is a valid point that must be taken into consideration if only nonisother-
mal DSC data are available for a particular system; however, the relatively low
temperature crystallization that the authors observed upon cooling from the
melt does not imply homogeneous nucleation, and may have its origin in the
presence of less active nucleating heterogeneities or superficial nucleation. In
Sect. 5.1 results for ABC triblocks containing PEO will be presented. In some
cases similar crystallization temperatures have been reported and have been
ascribed to superficial nucleation effects (see later).

When nonisothermal DSC experiments are performed at a specific cool-
ing rate from the melt, like 10 ◦C min–1, the observation of a crystallization
exotherm for a crystallizable block copolymer component at a higher super-
cooling than that encountered when crystallizing the same polymer in the
bulk cannot be employed as the only criterion to claim that homogeneous
nucleation is encountered, unless that crystallization exotherm occurs at the
maximum possible supercooling, i.e., very close to the Tg of the polymer. In
the case of PEO, its Tg is located around – 50 to – 55 ◦C. For PEO, the dynamic
crystallization of homogeneously nucleated nanodroplets has been reported
in the range from – 30 to – 45 ◦C (peak crystallization temperatures upon
cooling from the melt), i.e., quite close to Tg for small PEO MDs (Table 2).
The observation of such dynamic crystallization at temperatures higher than
these values may be associated with superficial nucleation phenomena or the
presence of less active heterogeneities, if small-volume PEO MDs are taken
into consideration.

The technique of self-nucleation can be very useful to study the nu-
cleation and crystallization of block copolymers that are able to crystal-
lize [29, 97–103]. Previous works have shown that domain II or the exclusive
self-nucleation domain disappears for systems where the crystallizable block
[PE, PEO or poly(ε-caprolactone), PCL] was strongly confined into small iso-
lated MDs [29, 97–101]. The need for a very large number of nuclei in order to
nucleate crystals in every confined MD (e.g., of the order of 1016 nuclei cm–3

in the case of confined spheres) implies that the amount of material that needs
to be left unmolten is so large that domain II disappears and annealing will
always occur to a fraction of the polymer when self-nucleation is finally at-
tained at lower Ts. This is a direct result of the extremely high number density
of MDs that need to be self-nucleated when the crystallizable block is con-
fined within small isolated MDs. Although this effect has been mainly studied
in ABC triblock copolymers and will be discussed in Sect. 6.3, it has also been
reported in PS-b-PEO diblock copolymers [29, 99].
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The case of PEO as a crystallizable component within block copolymers,
as well as isolated droplets, is atypical in the sense that it has been studied in
a wide variety of block copolymers and in the widest possible volume range
if micron-size droplets are also considered (Figs. 4, 5, Tables 2, 3). Neverthe-
less, the observed change in crystallization temperature is particularly large,
not only in comparison with low molecular weight materials, as previously
mentioned, but also with other polymers.

Let us briefly examined the case of PE. A polymer like high-density PE
(HDPE) has around 109 highly active heterogeneous nuclei per cubic cen-
timeter in the bulk (this number does not include other type of less active
heterogeneities that can possibly cause nucleation at larger supercoolings),
so it may be difficult to get a large enough population of dispersed droplets
that are heterogeneity free by blending with an immiscible component. Arnal
and Müller [72] found in the case of PS/linear low-density PE (LLDPE) blends
that fractionated crystallization exotherms in the temperature range between
67 and 70 ◦C were encountered for droplet sizes in the range 0.5–2 µm.
Recently, Loo et al. [91] studied the crystallization of the PE block within
a PE/SEB diblock copolymer constituted by hydrogenated PB (14.3 wt % PE)
and an amorphous random terpolymer of SEB. The PE block crystallized
within 25-nm spherical mesophases, and most of the spheres were supposed
to have been homogeneously nucleated because the number of MDs was
2×1016 spheres cm–3. The authors also found crystallization temperatures
between 66 and 69 ◦C for the PE block, which could be somewhat similar to
a LLDPE in view of its branch content (incidentally the branch content in
LLDPE can complicate the analysis since Tc is a function of this parameter).
This comparison shows that in the case of LLDPE (assuming similar branch
contents), the temperatures that have been associated in the literature with
apparent homogeneous nucleation do not seem to be as highly dependent on
the volume of the crystallizing phase as in the case of PEO.

In view of the previous discussion about the homogeneous nucleation tem-
perature in PEO, an important question that arises is why, in the case of PE
whose Tg values are below – 30 ◦C, are the dynamic crystallization tempera-
tures available in the literature as possibly associated with homogeneous nu-
cleation so high, in the range of 60–70 ◦C. A similar situation arises with iPP,
whose Tg is approximately 0 ◦C and the homogeneous nucleation tempera-
ture range is claimed to be around 40–50 ◦C. However, polymers like PEO and
PCL, when they are the minor components in AB or ABC block copolymers,
can exhibit crystallization temperatures upon cooling from the melt that are
very close to their respective vitrification temperatures. One possible spec-
ulation could be that the true homogeneous nucleation temperature of PE
and PP may not have been found yet, since surface nucleation phenomena
were not entirely ruled out. Surface nucleation also occurs at higher super-
coolings than heterogeneous nucleation and the temperature dependence of
the nucleation rate is higher than in the heterogeneous nucleation case [60].
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Furthermore, an Avrami exponent of 1 could also be obtained from surface
nucleation. So far, no measurements are available in the literature of the nu-
cleation kinetics as a function of droplet or MD size, and therefore the scaling
between the relevant time constant associated with the nucleation event and
the MD dimensions is unknown.

From this section we can summarize the general behavior of confined
crystallizable MDs. These generalizations apply to block copolymers that are
in the strong segregation regime and that can crystallize within their spe-
cific MD without breakout. When a block copolymer component crystallizes
within isolated MD structures like spheres, cylinders or lamellae it may nu-
cleate homogeneously. For homogeneous nucleation to take place, several
requirements should be met:

1. The number of isolated MDs should be much larger than the usual num-
ber of active heterogeneities present in an equivalent bulk sample of the
crystallizable polymer.

2. The MD structures should not contain any other type of less efficient
heterogeneities present that could be activated in the absence of the het-
erogeneities that cause nucleation at the usual supercooling range in the
bulk polymer.

3. The interphases between MDs should not be able to cause nucleation of
the semicrystalline phase. If the interphase displays nucleation activity,
first-order crystallization kinetics may be obtained; however, the super-
cooling at which dynamic crystallization from the melt occurs will not be
the maximum that could be possibly attained if homogeneous nucleation
were in place.

4. The MD structures must be isolated and no percolation paths should exist
between them that can allow the spread of secondary nucleation through-
out the crystallizable component. This condition is easier to establish in
sphere-forming block copolymers. When a block copolymer forms cylin-
ders, it is more difficult to obtain samples without a certain percentage of
MD percolation and in the case of lamellae, many MDs usually percolate
through grain borders. As a consequence, a mixture of heterogeneous and
homogeneous nucleation can be present in the same sample and a con-
comitant fractionated crystallization may be seen when the polymer is
cooled from the melt.

If the four conditions mentioned are satisfied, homogeneous nucleation
will take place typically at very large supercoolings. The crystallization tem-
perature during cooling from the melt will probably be a function of the
MD volume, although the exact behavior may vary depending on the type of
material being studied. The crystallization kinetics should follow, in princi-
ple, a first-order rate equation, such as Eq. 2, or the equivalent of an Avrami
equation with Avrami indexes lower or equal to 1 (Eq. 7). Additionally, if
the confined crystallizable component is subjected to a self-nucleation study,
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domain II will be not found (Sect. 6.2). In the case of PEO or PCL, they will ex-
hibit during dynamic cooling from the melt a low temperature crystallization
exotherm that for isolated nanodroplets or very small MDs will be located
very close to their respective Tg values. More specific examples of fractionated
crystallization and homogeneous crystallization will be given in the sections
corresponding to ABC triblock copolymers with one or two crystallizable
blocks.

4
Double-Crystalline Diblock Copolymers

There have been relatively few reports dealing with double-crystalline diblock
copolymers [102–110, 197–200]. The particular case of ABC triblock copoly-
mers with two semicrystalline blocks will be presented in a separate section.
Works pertaining to one of the most studied systems PCL-b-PEO have already
been previously reviewed [43]. Recently, probably the most comprehensive
studies on double-crystalline diblock copolymer systems were performed on
poly(p-dioxanone)-b-PCL diblock copolymers, PPDX-b-PCL, and therefore
several important aspects of these works [102, 103, 107] will be summarized
in this section.

The PPDX-b-PCL diblock copolymers were recently synthesized [111]
and apart from the references already mentioned, only the contribution of
Lendlein and Langer [112] deals with chemically similar materials, although
structurally quite different since they employed multiblock copolymers of
PPDX and PCL with very low molecular weights to prepare shape memory
polymers for biomedical applications.

Figure 6 presents DSC cooling and subsequent heating scans for PPDX-b-
PCL diblock copolymers in a wide composition range, for comparable mo-
lecular weight homopolymers and for a 50/50 PPDX/PCL blend. The blend
illustrates the typical immiscible nature of the two polymers and their sepa-
rate crystallization and melting. In the case of the block copolymers, previous
works have suggested that they are in the weakly segregated regime since
crystallization drives structure formation, such that both blocks form lamel-
lar structures [103]. The cooling DSC scans of Fig. 6 indicate that regardless of
the composition in the diblock copolymers only one crystallization exotherm
is observed. Wide-angle X-ray scattering (WAXS) studies performed at room
temperature after cooling from the melt indicated that both blocks had crys-
tallized during cooling [107].

Figure 7 shows a time-resolved WAXS experiment for D77
32C23

10 (a PPDX-b
-PCL diblock copolymer) performed to monitor changes in the crystal struc-
ture on quenching from the melt from 115 to 30 ◦C. Figure 7 shows results
from analysis of the integrated WAXS peak areas, as well as the relative degree
of crystallinity determined from the WAXS data. A clear two-stage crystalliza-
tion process occurs. First the peaks at 2θ = 22◦ and 23.8◦ grow as a result of
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Fig. 6 a DSC cooling scans (10 ◦C min–1) for poly(ε-caprolactone) (PCL) and poly(p-
dioxanone) (PPDX) homopolymers, diblock copolymers and a 50/50 blend. b Subsequent
heating scans (10 ◦C min–1). (From [103]. Reproduced with permission of the Royal Soci-
ety of Chemistry)

Fig. 7 Relative integrated intensities under the peaks (left scale) and relative degree of
crystallinity (right scale) obtained from wide-angle X-ray scattering data for D77

32C23
10

quenched from T = 115 to 30 ◦C. The cooling rate was 30 ◦C min–1. The arrow indicates
the nominal point at which the final temperature was reached. For convenience, the
amorphous peak intensity has been divided by 5. (Reprinted with permission from [107].
Copyright 2003 American Chemical Society)

PPDX crystallization, reaching a plateau prior to a further increase in inte-
grated area upon PCL crystallization. The PCL crystallization is clearly seen
in the growth of the 2θ = 21.5◦ peak, which can be ascribed to an exclusive
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crystalline PCL reflection after an induction time [107]. These results sup-
port DSC evidence obtained during isothermal crystallization (see later) that
points to a nucleating effect of PPDX on PCL, since they have helped to estab-
lish that even under isothermal conditions the PPDX block crystallizes first,
closely followed by the PCL block.

Going back to Fig. 6, during cooling at 10 ◦C min–1 the PPDX block needs
greater supercooling to start its crystallization. Once the crystallization of the
PPDX block starts, it is quickly followed by the crystallization of the PCL
block, which can be nucleated by the PPDX block. As a result, the crystal-
lization of both blocks occurs in the same temperature range and in a quick
succession leading to an overlap of the DSC exothermic signals during cool-
ing. This overlap cannot be resolved by the use of slower cooling rates, at
least down to 1 ◦C min–1. This may be related to the fact that the PCL block
only crystallizes after the PPDX block starts to crystallize; this was clearly
demonstrated by previous WAXS results [107]. One way to separate com-
pletely the crystallization signals is by self-nucleating the PPDX block, since
this shifts the crystallization temperature of the PPDX to much higher tem-
peratures [102, 103].

In a related double-crystalline PE-b-poly(l-lactide), PE-b-PLLA diblock
copolymer (with an approximate 50/50 weight ratio), similar behavior was
observed [103]. When the diblock copolymer is cooled from the melt at
10 ◦C min–1 only one crystallization exotherm is observed, indicating that
the l-lactide block is also affected by the molten PE block that is covalently
bonded to it [103]. However in this case, the crystallization exotherms can be
separated by reducing the cooling rate to 2 ◦C min–1 [106].

Figure 8a shows experimentally determined spherulitic growth rates as
a function of crystallization temperature for D77

32C23
10; they were performed

at temperatures where the PCL block is molten. The difference in growth rates
is very pronounced between the homopolymer and the PPDX block within
the diblock copolymer and amounts to an order of magnitude at certain
crystallization temperatures. The effect of the molten PCL chain covalently
bonded to PPDX is unexpectedly large. This is reflected in the energy barrier
for secondary nucleation as calculated by fitting the Lauritzen and Hoffman
theory to the data presented in Fig. 8a by using the typical plots shown in
Fig. 8b. From Fig. 8b, values of the slope (i.e., Kg) represent an energy term
that quantifies the value of the energetic restrictions for the crystallization of
the chains. Figure 8b shows the values obtained for Kg for PPDX15 and the
PPDX block within D77

32C23
10. It can be observed that the Kg value for the

PPDX block within the copolymer is more than twice that of neat PPDX15. As
expected from the Kg values, both the fold surface free energy and the work
for chain folding will be much higher for the PPDX block within D77

32C23
10

than for the PPDX15 homopolymer [103]. The application of the Lauritzen
and Hoffman theory to overall crystallization rate data obtained by DSC was
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Fig. 8 a Spherulitic growth rates for PPDX and the PPDX block within D77
32C23

10 diblock
copolymer. Solid lines are fits to Lauritzen and Hoffman theory. b Lauritzen and Hoffman
kinetics theory plot for PPDX (KG

g = 17.2×104 K2) and the PPDX block within D77
32C23

10

diblock copolymer (KG
g = 46×104 K2). (From [103]. Reproduced with permission of the

Royal Society of Chemistry)

also highly successful for PPDX and the diblock copolymers. This was cor-
roborated by a novel procedure that consisted of applying the Lauritzen and
Hoffman theory to isothermal crystallization data from DSC measurements
of previously self-nucleated PPDX and obtaining a perfect match with the en-
ergetic parameters determined from spherulitic growth rate data. The use of
self-nucleation allowed the determination of the overall crystallization kinet-
ics of the PPDX block within two copolymers (with 65 and 77% PPDX) which
was otherwise too slow for detection. The results showed that the energetic
restrictions for the crystallization of the PPDX block at high temperatures in-
crease as the PCL content in the copolymer increases. The effect of the molten
PCL block can also affect the spherulitic superstructure as seen in Fig. 8a,
where polarized optical micrographs are presented. For equivalent high tem-
peratures, in the copolymer case, the spherulites are deformed, exhibiting an
ellipsoidal shape and no regular banding compared with PPDX homopoly-
mer [107].

The dramatic depression of the growth rate in the PPDX block within the
D77

32C23
10 diblock copolymer compared with the growth rate of an equiva-

lent molecular weight homopolymer is the determining factor in the coinci-
dent crystallization behavior encountered upon cooling the copolymers from
the melt in Fig. 6. Recently, Ueda et al. [26] examined the crystallization ki-
netics of a flow-oriented PE-b-(atactic polypropylene), PE-b-aPP, with a PE
volume fraction 0.48. In this case, the crystallization of the PE block occurs
with a molten aPP block covalently bonded to it. The components are re-
ported to be in the strong segregation limit and therefore are phase-separated
well before crystallization. They found that the crystallization kinetics (as
determined by small-angle light scattering) was substantially retarded com-
pared with that of an equivalent molecular weight PE homopolymer. They
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attributed the effect to a mobility reduction for the chains close to the inter-
facial region and to the presence of the noncrystallizable aPP chains close to
the growth face which could obstruct the growth process. These results are
similar to those obtained for PPDX-b-PCL diblock copolymers [107] for the
crystallization of the PPDX block at higher temperatures, when the PCL com-
ponent is molten. Similar results were also obtained by Shiomi et al. [113]
since they detected a reduction in crystallization rate when they compared
a PEO homopolymer with the PEO block within PEO-b-PB diblock copoly-
mers. In this case, the crystallization of the PEO block was carried out with
a covalently bonded rubbery block and similar energetic restrictions for its
crystallization decrease its crystallization rate compared with that of PEO
homopolymer.

In order to study the overall crystallization kinetics of the PCL block
within PPDX-b-PCL diblock copolymers, Müller et al. [103] first crystallized
the PPDX block until saturation by performing a special thermal procedure
(it consisted of first cooling from the melt as in Fig. 6 to allow both blocks to
crystallize, then the sample was heated to 62 ◦C and annealed at that tempera-
ture for 70 min, a temperature at which the PCL is molten, before quenching
to a Tc where the PCL block isothermal crystallization was followed by DSC).
With the use of such a procedure the overall isothermal crystallization of only
the PCL block was determined in the diblock copolymers where the PPDX
block was already crystallized.

The overall crystallization rate, expressed as the inverse of the experimen-
tal crystallization half-time, for PCL11 and for the PCL block of the diblock
copolymers employed are shown in Fig. 9, where the nucleation effect of the
previously crystallized PPDX block on the PCL block is confirmed. The over-
all crystallization rate of the PCL block in the case of D23

8C77
27 and D40

5C60
7

is higher than that of PCL11. This effect was reported in a previous work
when the PPDX content in the copolymer was higher than 53% [102]. In cases
where the PPDX content in the diblock copolymer was higher than or equal to
53%, the nucleation effect of the PPDX block seems to be overtaken by topo-
logical restrictions. Figure 9 shows that the PCL blocks within D77

32C23
10 and

D65
26C35

15 crystallize at a slower overall rate than neat PCL. In these cases,
the PPDX matrix has already crystallized in spherulites and the 23 or 35%
PCL must crystallize within them. Even though the nucleating effect of PPDX
on PCL prevents any homogeneous nucleation, increasing amounts of PPDX
within the PPDX-b-PCL diblock copolymers hinder crystallization of the PCL
block as already indicated by an overall reduction in kinetics (Fig. 9). An-
other sign of the topological restrictions encountered by the PCL block was
reported since the Avrami index was found to decrease as the PCL content in
the copolymer decreased [102, 103]; however, its value ranged from 3.5 to 2.1.
Such a decrease in the Avrami index can be interpreted as a decrease in the di-
mensionality of growth of the PCL block superstructures as more previously
crystallized PPDX is present in the sample.
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The results of Müller et al. [103] on PPDX-b-PCL diblock copolymers differ
from those obtained previously by Bogdanov et al. [105] when they studied
by DSC the crystallization kinetics of 80/20 PCL-b-PEO diblock copolymers.
In their case, the PCL block crystallized first from a homogeneous melt
and the Avrami parameters K and n were found to be similar to the ki-
netics parameters of the isothermal crystallization of a corresponding PCL
homopolymer. Significant crystallization retardation was found for the PEO
block that crystallized second. The retardation was attributed to the “mutual
influence between the PEO constituent and the PCL crystal phase which fixes
(hardened) the total copolymer structure” [105]. In the PPDX-b-PCL diblock
copolymer case, conversely, when the PPDX block crystallizes it does so at
a slower rate than a comparable PPDX homopolymer. The crystallization of
the PCL block, on the other hand, strongly depends on the composition of
the diblock copolymer as shown in Fig. 9. However, for D77

32C23
10, the over-

all kinetics is retarded, which could be regarded as similar to the retardation
experienced by the PEO block in the 80/20 PCL-b-PEO diblock copolymer
studied by Bogdanov et al. [105]; the Avrami index in both cases was also of
the order of 2.

Another double-crystalline system that has recently been studied is that of
PLLA-b-PCL diblock copolymers [110]. Kim et al. synthesized rather broad
molecular weight distribution PLLA-b-PCL diblock copolymers with polydis-
persities ranging from 1.3 to 1.6. They reported that a diblock copolymer with
a Mn value of 77 000 and a PCL weight fraction of 0.32 was phase-separated

Fig. 9 Inverse of the crystallization half-time as a function of isothermal crystallization
temperature for PCL11 homopolymer and for the PCL block of the indicated copolymers.
All experiments were performed after the PPDX block had been previously crystallized
until saturation. Solid lines are fits to the Lauritzen and Hoffman theory. (From [103].
Reproduced with permission of the Royal Society of Chemistry)
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in the melt at 220 ◦C according to rheological measurements; however, SAXS
failed to show any signs of phase segregation. When they employed another
sample with a lower molecular weight (Mn = 19 000), the behavior was that
of a homogeneous melt above the PLLA block melting temperature. More
recently, Ho et al. [108] prepared a 33 900 g mol–1 sample of PLLA-b-PCL
copolymer with a 1.2 polydispersity and a volume fraction of PCL of 0.28.
They concluded that the sample was melt-mixed and their work showed that
it was possible to use epitaxial crystallization to obtain large, well-oriented
MDs of PLLA-b-PCL by employing several crystalline substrates, including
benzoic acid and hexamethylbenzene. When an amorphous substrate was
employed the sample crystallized in spherulites as expected for a homoge-
neous melt copolymer.

5
ABC Triblock Copolymers with One Crystallizable Block

Contributions to the subject of ABC triblock copolymer crystallization are
listed in Table 1, where some characteristics of the triblock copolymers in-
volved are reported with the corresponding references.

5.1
Crystallization and Melting Behavior

Even though the first report about the synthesis of crystallizable ABC triblock
copolymers was published in 1978 for PS-b-PB-b-PCL copolymers [114], in
that work only a preliminary study of the tensile properties was performed,
without considering the crystallizability of the materials. It was only 20 years
later, when the preparation of these materials was reconsidered and op-
timized, that triblock copolymers with relatively narrow molecular weight
distributions were obtained [115], a requisite which is indispensable for the
generation of well-defined morphologies. To illustrate the complexity and
richness of semicrystalline ABC triblock copolymers, PS-b-PB-b-PCL triblock
copolymers have been chosen. These copolymers have been prepared with
a wide composition range (with PCL contents from 11 to 77%) and they have
been compared with PS-b-PCL and PB-b-PCL diblock copolymers [29, 98,
115–118].

Calorimetric measurements and morphological observations showed that
PS-b-PCL, PB-b-PCL and PS-b-PB-b-PCL copolymers exhibit microphase
separation and crystallization if the molecular weight is high enough. Only
in PS-b-PCL diblock copolymers, a shift of the PS glass transition to lower
temperatures has been observed. In PS-b-PB-b-PCL, the crystallizable block
(i.e., PCL) is covalently linked to a rubbery block and it has a free end. For
these reasons there is no significant reduction in the melting temperature and
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crystallinity degree of the PCL block when its content is higher than about
50%, when compared with an analogous homopolymer. Even, when the PCL
content is between 16 and 40% a melting point reduction of only 4–6 ◦C has
been observed [29, 116, 118]. Similar results were also found by Schmalz et al.
for PB-b-poly(isoprene)-b-PEO (PB-b-PI-b-PEO), who investigated in detail
block copolymers with a minority of the crystallizable component (PEO). In
this type of block copolymer the PB and PI blocks form a mixed phase with
a glass transition of about – 70 ◦C. Consequently, they might be considered
as diblock copolymers consisting of a PEO phase and a mixed PB/PI phase,
in which the PEO block is strongly segregated from the other phase [119].
In addition, Schmalz et al. found that Tm increased with increasing PEO
content. Thus, they observed variations from Tm = 60.0 ◦C for B11I70EO19 to
Tm = 65.9 ◦C for B19I39EO42, where the PEO blocks build spherical and lamel-
lar MD, respectively.

Bailey et al. [120] and Epps et al. [121] characterized the behavior of other
block copolymer systems with PEO, PI-b-PS-b-PEO and PS-b-PI-b-PEO, and
they studied the effect of lithium perchlorate addition to the copolymers.
They maintained constant the PS to PI ratio and varied the PEO volumetric
fraction from 0 to 33%. The comparison of both types of triblock copoly-
mers showed that the melting temperature of the PEO block is lower when it
is directly attached to PS. This was attributed to the glassy character of the
PS block. On the other hand, when it is linked to PI, which is rubbery at the
crystallization temperature of the PEO block, the melting temperatures for
PEO are higher. It should be mentioned, however, that the crystallinity de-
grees in both series of copolymers (PI-b-PS-b-PEO and PS-b-PI-b-PEO) are
of the same order of magnitude, independent of the neighboring block. Then,
the number of crystals is probably higher in those copolymers with a PS block
linked to PEO, but their lamellar sizes are smaller as indicated by their lower
Tm values. These are very illustrative examples of the influence of the block
copolymer topology (Fig. 10). The reduction of Tm is more marked when the
PEO nanophases are smaller, like in the results found by Schmalz et al. for PB-
b-PI-b-PEO triblock copolymers. They also reported cold crystallization for
most of the copolymers as a result of PEO confinement.

Even though the thermal behavior upon heating after a previous controlled
cooling in the DSC of the crystallizable block does not exhibit significant
changes when the neighboring block is rubbery, the crystallization is influ-
enced by the content of the crystallizable block and, consequently, by the
block copolymer morphology. If the crystallizable block is confined within
MDs, crystallization can take place at much larger supercoolings than usual.
This has been attributed to the occurrence of fractionated crystallization
and/or homogeneous nucleation [29]. In Sects. 2 and 3 the phenomenology
of the fractioned crystallization and homogeneous nucleation for confined
homopolymers and diblock copolymer components was discussed in great
detail. In this section we will present some examples of such a phenomenon in
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Fig. 10 PEO melting temperatures vs. inverse PEO domain size as a function of block
architecture (squares, PS-b-PI-b-PEO; diamonds PI-b-PS-b-PEO). PI poly(isoprene); w is
given in angstroms. (Reprinted with permission from [121]. Copyright 2003 American
Chemical Society)

the particular case of ABC triblock copolymers. To our knowledge, Balsamo
et al. [116] were the first to report fractionated crystallization in the case of
ABC triblock copolymers. They detected the appearance of two crystallization
exotherms at about 30 and – 45 ◦C in S57B27C16 during a cooling scan per-
formed in the differential scanning calorimeter. The results were explained
by considering that the higher temperature crystallization exotherm was pro-
duced by heterogeneous nucleation and the lower temperature crystallization
exotherm by homogeneous nucleation, owing to its close value to the PCL
glass transition [116]. Recently, Müller et al. [29] and Schmalz et al. [101, 119]
published extended works, where they investigated a wide selection of AB and
ABC triblock copolymers containing one or two components that exhibited
fractionated crystallization. This wide selection of copolymers allowed con-
finement of crystallizable blocks to be studied in very different types of MD
morphologies, like cylinders, spheres, undulated layers, rings and lamellae.

As mentioned in Sect. 3, for PEO it has been found that the crystallization
temperature is often a function of the MD volume. The examples quoted in
Sect. 3 referred to PEO dispersed in droplets or to PEO that was a compon-
ent within diblock copolymers. For other block copolymer components like
PCL the variation in Tc encountered upon MD size increase is not as pro-
nounced. Nojima et al. [22] found that the variation of Tc for PB-b-PCL block
copolymers with spherical PCL MDs of increasing sizes, ranging from 10.3 to
17.4 nm, was of about 5 ◦C for crystallization at very large supercoolings (Tc
fluctuated between – 50 and – 45 ◦C approximately). For ABC triblock copoly-
mers, Müller et al. [29], Schmalz et al. [101, 119] and Balsamo et al. [118]
found, by studying copolymers with minority components of PEO or PCL
blocks linked to a rubbery block, that the Tc associated with fractionated
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crystallization does not show any strong dependence of the morphological
features of the MD and of the molecular weight of the crystallizable block
(Table 4).

As an example, it can be observed in Table 4 that S62B27C11 and S50B28C22,
which form core–shell cylinders with PCL cores and have PCL molecular
masses of 6820 and 21 340 g mol–1, have crystallization exotherms located at –
45.1 and – 45.3 ◦C, respectively. On the other hand, S20B41C39, which exhibits
a lamellar–lamellar morphology and have an even higher PCL molecular
mass, 51 480 g mol–1,also shows a crystallization exotherm at similar super-
coolings (– 43.7 ◦C). In the same way, B11I70EO19, B17I57EO26 and B24I56EO20,
which have PEO molecular masses of 22 800, 13 400 and 33 800 g mol–1, have
at least a crystallization exotherm at temperatures as low as – 23, – 25 and
– 21 ◦C, respectively. These latter data are not in agreement with the results
of Xu et al. [96] for PB-b-PEO diblock copolymers with relatively large PEO
blocks (Sect. 3).

The data of Table 4 clearly indicate that the PEO block within PB-b-PI-b-
PEO triblock copolymers exhibits fractionated crystallization when it consti-
tutes a minority component. B11I70EO19 and B24I56EO20 show only one crys-
tallization exotherm, whereas B17I57EO26 has two crystallization exotherms.

Table 4 Peak crystallization temperatures determined by DSC during cooling from the
melt of ABC triblock copolymers and selected homopolymers [29, 101, 118, 119]

System Morph∗a Tc (I) Tc (II)
(◦C) (◦C)

PEO1 21.0

PEO100 43.0

PCL32 33.5

B11I70EO19
120 PEO Sph – 23.0

B24I56EO20
67 – – 25.0

B17I57EO26
130 PEO Cyl 15.0 – 21.0

B19I39EO42
135 PEO Lam 37.5 (19.8) – 25.0

S62B27C11
62 PCL core in cic 20.4 – 45.1

S37B52C11
96 PCL core in cic 6.4 – 48.4

S57B27C16
137 PCL core in cic 30.0 – 45.3

S26B36C38
110 PCL Lamellae in ll 36.0 – 40.8

S20B41C39
132 PCL Lamellae in ll 16.7 – 43.7

S51B09C40
98 PCL Lamellae in lc 22.7 –

∗a Lam(Lamellar); Cyl(Cylinders); Sph(Spheres) cic: core shell cylinders, ll: lamellar-
lamellar, lc: lamellar-cylindrical.
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On the other hand, B19I39EO42 exhibits peak crystallization temperatures
as high as 37 and 20 ◦C, which are close to the values observed in PEO
homopolymer, but it also has a small crystallization exotherm at – 25 ◦C.
Since PS-b-PEO diblock copolymers with minority PEO content crystallize
at larger supercoolings when they are homogeneously nucleated (at about
– 40 ◦C) [29], the crystallization exotherms located at around – 25 ◦C were
attributed either to a weak nucleating influence of the interphase or to the
existence of other types of heterogeneities that are only active at such large
supercoolings (since no dependence on MD size seems apparent in the case of
PEO within ABC triblock copolymers). The presence of additional exotherms
at higher temperatures is indicative of the presence of MD interconnections.
The same explanation applies for PS-b-PB-b-PCL triblock copolymers, which
in addition to the exotherm present at around – 45 ◦C, also show crystalliza-
tion exotherms between 6 and 30 ◦C.

Chen et al. [87] have argued that the nucleation events they observed
in confined MD structures within PB-b-PEO diblock copolymers or PB/PB-
b-PEO blends must be homogeneous since impurities cannot be contained
within the nanoscopic MD present. In their case, the nucleation was most
probably homogeneous in view of the large supercoolings obtained but not
because impurities are necessarily excluded from the MD. Müller et al. [29]
demonstrated that the occurrence of heterogeneous nucleation within con-
fined nanoscopic MD structures is certainly possible through the example
provided in the following.

Fig. 11 Cooling and heating DSC scans (10 ◦C min–1) of original and purified
E24EP57EO19. (Reprinted with permission from [29]. Copyright 2002 American Chemical
Society)
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Figure 11 shows the fractionated crystallization of the PEO block within
E24EP57EO19, where E is PE and EP is a poly(ethylene-co-propylene) copoly-
mer. This triblock copolymer was obtained after hydrogenation of B24I56EO20
using a Wilkinson catalyst. The cooling scan of the original E24EP57EO19
shows a crystallization exotherm for the PE block at 69 ◦C. As the tem-
perature is decreased, a large part of the PEO crystallizes just below 20 ◦C,
while a small fraction of the PEO can only crystallize at much lower tem-
peratures (– 20 ◦C). In this case, the PEO block is probably confined into
cylinders. Then, the crystallization observed at around 20 ◦C must be due to
the presence of heterogeneities in the polymer. In order to demonstrate this
hypothesis, the same sample was subjected to a purification process to ex-
tract the Wilkinson catalyst. The result is also shown in Fig. 11. The exotherm
that was present at around room temperature has completely disappeared,
and all of the PEO now crystallizes at temperatures lower than – 27 ◦C. In
fact, two low crystallization exotherms for the PEO block were identified: one
peak at around – 27 ◦C and a small exotherm at – 47 ◦C. Probably, the first
exotherm corresponds to heterogeneous nucleation from a weakly nucleating
heterogeneity or surface nucleation and the lowest crystallization exotherm
originated after homogeneous nucleation of the PEO block. Similar results
were obtained by Balsamo et al. [116] after purification of S57B27C16. This
subject will be considered in detail in the discussion of the triblock copoly-
mers with two crystallizable blocks, where self-nucleation experiments were
done to support this explanation.

Another aspect that has been investigated in semicrystalline ABC triblock
copolymers is the effect of different annealing conditions at high tempera-
tures (to induce a higher order in the morphology) maintaining invariable
the crystallization conditions. This kind of study has been carried out in
PS-b-PB-b-PCL [118, 122]. Although the influence was stronger in triblock
copolymers with relatively high PCL content, it was also observed that the
increase of the annealing time at 150 ◦C in a copolymer with a small PCL
content led to the definition of different lamellar thicknesses within the PCL
MD. Confining the semicrystalline component into lamellae, in contrast to
confining it into cylinders, leads to higher “conflict” between crystalliza-
tion and microphase separation. Thus, when the PCL block is less confined
there is a clear conflict between the thermodynamic force to form, for ex-
ample, spherulitic structures and the thermodynamic force to maintain the
microphase-separated morphology formed in the melt. It seems to be that
lamellar thickening is less restricted when formation of spherulites does not
occur. This aspect will be considered again in Sect. 5.2.

Even though the nonisothermal crystallization leads to just small changes
in the subsequent melting behavior of different types of triblock copolymers,
isothermal experiments employed to calculate the equilibrium melting tem-
perature, To

m, have shown that this parameter can exhibit significant changes
depending on composition. It has been reported that in PS-b-PB-b-PCL tri-
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block copolymers there is a marked decrease of To
m with an increase of the

weight ratio wPB : wPCL [116]. This indicates a thinning of the crystalline
lamellae as a consequence of the connection of the PCL block to PB. Only for
very short middle blocks was an influence of the PS block on the equilibrium
melting point observed. The change of the lamellar thickness, and hence of
To

m, can be understood by considering two opposing effects. The system tends
to form an extended PCL block with minimal folding to lower the free energy
of the crystalline region. The amorphous chains, on the other hand, prefer to
maintain a random conformation [123, 124].

The isothermal crystallization kinetics can be analyzed employing the
Avrami equation (Eq. 7). In Sect. 3 the direct relationship that exists be-
tween the results given by the Avrami analysis and the confinement degree
of a crystallizable component in diblock copolymers was discussed. Balsamo
et al. [118] studied the crystallization kinetics of ABC triblock copolymers
with different morphologies. Avrami exponents, n, higher than 1 were ob-
tained in copolymers that form PCL lamellar MDs. This revealed along with
the nonisothermal behavior that the nucleation step is taking place hetero-
geneously and that the MD should be interconnected as was thoroughly
discussed for diblock copolymers in Sect. 3. Therefore, it can be concluded
that for block copolymers in general (diblocks and triblocks), the Avrami
exponent effectively reflects the dimensionality of crystal growth when crys-
tallization proceeds from heterogeneous nucleation.

5.2
Morphology

A controversy has arisen as to whether the observations by POM and those
by transmission electron microscopy reflect the same morphological features
or not. In fact, Kim et al. [125] demonstrated that the same block copolymer
can exhibit different morphologies depending on sample thickness, this be-
ing a possible reason for the sometimes contradictory results found in several
works. Nevertheless, before this aspect can be properly treated in this sec-
tion, we present a review of the morphological investigations carried out in
semicrystalline ABC triblock copolymers at a nanoscopic scale.

An example of the incorporation of an external component on the crystal-
lization behavior of triblock copolymers was given by Schmalz et al. [126].
They obtained PS-b-poly(ethylene-co-propylene)-b-PE (PS-b-PEP-b-PE) tri-
block copolymers from the hydrogenation of PS-b-PI-b-PB. PS-b-PEP-b-PE
triblock copolymers have the peculiarity that PEP and PE have an interaction
parameter of 0.007 at 120 ◦C; therefore, they form a homogeneous melt, which
is segregated from the PS block and can be considered as an intermediate case
between diblock and triblock copolymers. The crystallization of the PE block
occurs at about 60 ◦C and the authors evaluated the influence of the incorpo-
ration of a solvent during the crystallization and segregation processes under
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two conditions. When no solvent was present in the system, PE crystallization
took place from the melt, the PS vitrified within the PEP matrix and finally
the PE crystallized within distorted cylinders. When crystallization occurred
from a toluene solution, which is a good solvent for PS, PE crystallized before
PS vitrification, then PE cylinders were formed within a PEP matrix and fi-
nally PS formed distorted cylinders between the PE crystals. As can be seen,
similar to the effect found in some diblock copolymers, the incorporation of
a selective solvent leads to changes in the MD structure. In this case, toluene
delays the PS vitrification in comparison with PE crystallization (Fig. 12).

Fig. 12 a Scanning electron microscpy image of a dip-coated film of S13EP57E_30112 onto
a silicon wafer. b and c Tapping-mode atomic force microscopy (AFM) phase-contrast
images of a thin film of S13EP57E_30112 dip-coated onto a silicon wafer: b dry film;
c same spot of the film after 1-min exposure to toluene vapor, visualizing the PS cylinders;
z = 20◦. Tapping-mode AFM height (d z = 15 nm) and phase (e z = 50◦) image of a thin
film of S14EP64E_22112 spin-coated from a 5 wt % solution in toluene onto a silicon wafer.
(Reprinted with permission from [126]. Copyright 2001 American Chemical Society)
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Even though the works of Bailey et al. [120, 127] and Epps et al. [121]
present very comprehensive studies about the variation of the morphology as
a function of composition and topology, they did not study in detail the rela-
tionship “microphase separation–crystallization”. Several contributions have
been made in this area, when the triblock copolymers have only one crystal-
lizable block [101, 118, 119, 122, 126, 128–130]. Some relevant aspects of these
references have already been mentioned.

For semicrystalline–glassy block copolymers it is well known that there
is a trend to preserve the self-assembled structure established in the melt as
long as strong segregation prevails. However, two intriguing aspects emerged
from the investigations: how do the crystalline lamellae coexist with the
amorphous glassy MD in copolymers with a majority of the semicrystalline
component? and how does the system accommodate the density change upon
crystallization in copolymers with confined semicrystalline components? Bal-
samo et al. [129] published a first contribution where this aspect was dis-
cussed for PS-b-PB-b-PCL triblock copolymers. Even though the PCL crys-
tallization process takes place at temperatures well below the Tg of the PS
block, copolymers with high PCL content experience a deformation of the
glassy MD upon crystallization to generate, for example, ellipsoidal core–shell
cylindrical microphases of PS and PB embedded in a PCL matrix.

In the case in which the semicrystalline component is confined, Regis-
ter and Loo [44] have argued that three possibilities exist to accommodate
the density change that occurs upon crystallization: existence of individual
crystallized MDs under significant hydrostatic tension, cavitation within the
crystallizing domains and macroscopic contraction to accommodate the vol-
ume change. From these, Loo et al. [42] demonstrated in PE-b-PVCH copoly-
mers that the third possibility is correct. Though the PVCH matrix is vitreous
throughout crystallization and melting, it can deform as necessary so that
PE domains neither cavitate nor exist under great overall tension. This is in
agreement with literature results that have shown evidence of deformation of
confined core–shell cylinders as can be observed in Fig. 13 [119, 128]. In con-
trast to the core–shell cylinders observed for amorphous triblock copolymers
of similar composition, the cylinders in Fig. 13 have an unusual polygonal
shape. This has been attributed to the deformation of circular cylinders dur-
ing the crystallization process within inner cylinders. In PE-b-PEP-b-PEO
block copolymers this could be expected since the matrix is rubbery (PEP);
however, in the case of the PS-b-PB-b-PCL triblock copolymer, the matrix is
glassy (PS). This indicates, in agreement with the results of Loo et al. [42], that
deformation is necessary in order to accommodate the density change that
occurs upon crystallization.

The study of the microphase morphology in several types of crystallizable
triblock copolymers has shown that when the triblock copolymers have com-
positions from which the crystallizable component is able to build lamellae,
there is a tremendous influence on the mesophase structure. The MDs do
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Fig. 13 Transmission electron microscopy (TEM) micrographs of a S57B27C16: the white,
gray and black areas correspond to PCL, PS and poly(butadiene) (PB), respectively, after
staining with OsO4 [128]. b E19EP40EO41: only the interphase between PEO cylinders
and the Poly(ethylene-ran-propylene) matrix gets preferentially stained with RuO4 [119].
c TEM morphology for E19EP40EO_41138 hydrogenated with p-toluenesulfonyl hidrazide
and stained with RuO4 [119]. (Reprinted with permission from [119, 128]. Copyright 1999
and 2002 American Chemical Society)

not show the same degree of long-range order as in amorphous ABC triblock
copolymers; moreover, they can be deformed as already mentioned [125,
130]. In addition, a change of the crystallization conditions can induce a mor-
phological transition. For example, copolymers that form a lamellar–lamellar
morphology, when crystallized at a specific Tc, can experience a morphologi-
cal transition, when the crystallization temperature is reduced, to a lamellar–
cylindrical morphology owing to a rupture of the amorphous lamellae when
the crystalline lamellar thickness is reduced. This occurs in order to avoid
a thermodynamically unfavorable stretching of the amorphous block [130].
The microphase morphology can also be modified by the annealing condi-
tions at high temperature. Thus, in S51B09C40 a morphological transition oc-
curs from a lamellar–cylindrical to a cylindrical–ring morphology, as a means
to reduce contacts between the PCL and PB blocks as can be appreciated in
Fig. 14 [122].

We have already mentioned that depending on composition, semicrys-
talline triblock copolymers can show some “conflict” between microphase
separation and superstructure formation. In fact, one of the controver-
sial aspects is the question whether block copolymers can or cannot ex-
hibit spherulites. This is a relevant question because spherulitic structures
greatly affect the ultimate mechanical properties, and the boundaries be-
tween adjacent spherulites are often weak points in mechanical perform-
ance. Kim et al. [125] studied the competition between crystallization
within microphase-separated regions and reorganization into supermolecu-
lar spherulites in semicrystalline PS-b-PB-b-PCL triblock copolymers. These
authors found that the formation of spherulites is strongly affected by the
thickness of the specimen in such a way that thin films crystallize into
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Fig. 14 TEM images of S51B09C40 after thermal treatment at 150 ◦C for a 5 h and
b 15 hours. (Reprinted with permission from [122]. Copyright 2003 American Chemical
Society)

spherulites more easily than bulk films. This effect can be appreciated in
Fig. 15, where the microphase morphology and superstructure can be com-
pared for bulk (Fig. 15a, b) and thin (Fig. 15c, d) films of S35B15C50 without
and after thermal treatment at 130 ◦C.

In Fig. 15 it can be observed that a microphase-separated lamellar–
cylindrical morphology is formed in the as-cast and thermally treated tri-
block copolymer bulk films (Fig. 15a, b). In the inset of Fig. 15a, a speckle
pattern of birefringence in POM confirms the crystallization of PCL within
the microphase-separated structures, but if spherulites or precursors are
present, they must be larger than 2 µm. Although in the as-cast bulk sam-
ple evidence of morphological deformation from the local crystallization of
the PCL is not observed, except for a slight waviness of the lamellae, the
thermally treated bulk sample shows regions with somewhat better long-
range lamellar–cylindrical order. Presumably, reorganization into spherulites
cannot occur because the PS lamellar phase is glassy well above the crystal-
lization temperature of PCL. In contrast, thin films of the same sample exhibit
a morphological transition. The as-cast thin films show a similar lamellar–
cylindrical morphology with a speckle pattern in POM as described for the
bulk films (Fig. 15c). However, upon thermally treating the sample at 140 ◦C,
the microphase morphology is no longer lamellar–cylindrical, but is instead
replaced by lamellar structures, which are located within spherulites as can
be demonstrated by POM (Fig. 15d). Although the reason for this is not com-
pletely clear, the authors considered that the explanation for the different
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Fig. 15 Microphase morphology of S35B15C50 triblock copolymer bulk films (a, b), thin
film (c, d) by TEM with insets of polarized optical microscopy (POM): (a, c) as cast;
(b, d) after thermal treatment, TEM reveals a lamellar cylindrical structure, with evi-
dence of enhanced long-range order upon annealing above the Tg of PS. For all TEM
images presented, the white areas are PCL-rich lamellae, the gray areas are PS-rich lamel-
lae and the black areas represent PB-rich cylinders after staining with OsO4. The POM
images show a speckle pattern indicating local crystallization of PCL in the microphase-
separated structure. (e) Schematic representation of lamellar–cylindrical morphology
for the S35B15C50 triblock copolymer in cross section, where the white areas are PCL-
rich lamella, the gray areas are PS-rich lamella and the black areas represent PB-rich
cylinders. (Reprinted with permission from [125]. Copyright 2001 American Chemical
Society)

crystallization behavior between bulk and thin films may be that the Tg of
PS is shifted to lower temperature owing to an incomplete phase separation
in the thin films, perhaps because of a faster cooling rate and concomitant
partial miscibility between the components. Nevertheless, what is interest-
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ing here is that it does not seem possible to have spherulitic superstructures
along with a long-range ordered microphase-separated morphology. Simi-
lar results have been reported by Balsamo et al. [122]. In fact, agreement
between calculated Avrami parameters and morphological observations has
been found.

Ueda et al. [26] recently investigated a flow-oriented PE-b-aPP diblock
copolymer with Mw = 113 000 (Mn/Mw = 1.1) and a PE volume fraction of
0.48. This diblock copolymer is in the strong segregation regime (i.e., esti-
mated χN = 10.5 and TODT = 290 ◦C) and has a lamellar morphology in the
melt. They found a breakout phenomenon with the formation of spherulites
in an intermediate crystallization temperature range: 95 ≤ Tc ≤ 101 ◦C. At
crystallization temperatures above 101 ◦C or below 95 ◦C spherulites were not
formed and the crystallization was confined within the lamellar MD. Ueda
et al. report that lamellar MD and spherulites do not co-exist when the ma-
terial crystallizes from the melt which is separated in lamellar MDs. In other
words, in this particular case, breakout or confined crystallization within
lamellar MDs depends on the crystallization conditions.

Laredo et al. [131–133] performed thermally stimulated depolarization cur-
rent (TSDC) experiments on a series of PS-b-PB-b-PCL triblock copolymers
with varying amounts of PCL. The relaxation time distribution was extracted
by a numerical decomposition of the TSDC spectra and it was shown that
this distribution was independent of the PCL content on going from the ho-
mopolymer to the triblock copolymer with 16 to 77 wt % of PCL, in samples
that were not annealed and were employed as synthesized. Better segregation
of the mesophase structure was reached when the samples were submitted to
annealing at 140 ◦C and important variations in the TSDC and WAXS spectra
were obtained as a result of the thermal treatment. For the S09B14C77 triblock
copolymer the results obtained were explained by postulating the existence of
a rigid amorphous phase in the PCL block. Such a rigid amorphous phase could
be located between the core–shell cylinders formed by the other blocks with PS
as the core and PB as the shell and may be constrained by undulated lamellae of
crystalline PCL. The results for the material with the less abundant PCL block
are explained as a result of the confinement in nanotubes of PCL surrounded
by PB embedded in a vitreous PS matrix. Broadband dielectric experiments on
these same materials confirmed the results obtained by TSDC spectroscopy.

6
ABC Triblock Copolymers with Two Crystallizable Blocks

Only a few publications deal with ABC triblock copolymers where two of the
blocks are able to crystallize. The systems that have been investigated include
PS-b-PE-b-PCL [94, 98], PE-b-PS-b-PCL [94], PS-b-PEO-b-PCL [30, 134–136]
and PE-b-poly(ethylene-propylene)-b-PEO [101, 119] (see also Table 1).
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6.1
Influence of Composition and Crystallizable Block Position
within ABC Triblock Copolymers

The influence of composition has been studied and its influence on the crys-
tallization behavior can be very important. Arnal et al. [30, 134] demonstrated
that when PS-b-PEO-b-PCL triblock copolymers are cooled from the melt,
crystallization at very different supercoolings is observed depending on the
amount of PCL in the copolymer. The effect of increasing PCL content in the
crystallization and melting behavior of PS-b-PEO-b-PCL triblock copolymer
is shown in Fig. 16a. An AB diblock precursor, S81EO19

18.5, has been included
for comparison purposes. It can be seen that its crystallization takes place at
very low temperatures (i.e., – 40 ◦C). The PEO block in this case crystallizes
from homogeneous nuclei as a result of its confinement in a vast number of
small and isolated MDs in a vitreous PS matrix. The fact that homogeneous
nucleation of PEO was obtained can be inferred from the vicinity of the crys-
tallization temperature to the Tg of the PEO block, which is found at – 58 ◦C.
The Tg of the PS block can be clearly seen in the subsequent heating scan
and is therefore consistent with a system that is phase-segregated in the melt
(Fig. 16b).

For a S63EO16C21
24 triblock copolymer, a vitreous PS matrix contains

minor PCL and PEO contents. It can be deduced from the crystallization
behavior from the melt that both PCL and PEO crystallize at maximum su-

Fig. 16 DSC a cooling and b heating scans (10 ◦C min–1) of the PS-b-PEO diblock pre-
cursor and PS-b-PEO-b-PCL triblock copolymer. (Reprinted with permission from [30].
Copyright 2001 American Chemical Society)
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percooling and in a coincident fashion at – 42 ◦C. This means that both minor
components, the PEO and the PCL, are homogeneously nucleated. No crys-
tallization exotherms were observed at the usual crystallization temperatures
of PCL and PEO homopolymers; this is a consequence of the total isola-
tion of the well-segregated MDs [29, 30, 99, 134]. On the other hand, Arnal
et al. have shown that when the composition is changed, triblock copoly-
mers like S46EO12C42

33 and S10EO4C86
150 can exhibit a fractionated crys-

tallization behavior with at least two distinct crystallization exotherms. In
both cases, a low-temperature exotherm is present which could be inter-
preted as the crystallization of isolated PEO MDs. Then, there are high-
temperature exotherms, at about 27 and 33 ◦C, respectively, which should
correspond to PCL crystallization. However, in view of the small size of
the high-temperature exotherm corresponding to the PCL component in the
S46EO12C42

33 triblock copolymer, it is possible that part of the PCL compon-
ent crystallizes in a fractionated fashion at coincident temperatures with the
PEO component at around – 40 ◦C. This result indicates that not all the PCL
MDs are percolated and that a certain number of PCL MDs are isolated and
may not contain the highly active heterogeneities that induce crystallization
at lower supercoolings. For the measurements presented in Fig. 16, the tri-
block copolymers were not submitted to long annealing processes to perfect
morphology and this may contribute to their fractionated crystallization be-
havior [30].

The DSC heating scans presented in Fig. 16b show two melting endotherms
for all triblock copolymers. From a comparison with the S81EO19 precursor,
it can be deduced that the endotherm located at lower temperatures is due
to the melting of PEO. Nevertheless, the melting peak temperatures of the
low-temperature endotherms of the triblock copolymers are shifted to lower
temperatures (30, 29 and 20 ◦C for the triblock copolymers versus 35 ◦C for
the diblock precursor). This can be attributed to increased topological restric-
tions in the PEO block as a consequence of the chemical link with another
crystallizable block (PCL) and the resulting morphology. The comparison of
the crystallinity degrees between the diblock precursor and triblock copoly-
mers corroborates this explanation, since the PEO blocks in the triblock
cases have lower crystallinity values (Xc = 39% for S81EO19 and Xc = 16% for
S46EO12C42).

Several of the ABC triblock copolymers with two crystallizable blocks that
have been studied include PE as one of the crystallizable components. The
PE block can be found either at the end (PE-b-PS-b-PCL [94], PE-b-PEP-b-
PEO [101, 119]) or at the center (PS-b-PE-b-PCL [98]). When the PE block is
located at the center of the copolymer, as is the case in PS-b-PE-b-PCL tri-
block copolymers [94], there are higher constraints on the PE block owing
to the absence of free ends. If the PE block is a minor component, confined
crystallization with possible homogeneous nucleation is usually encountered.
It may be possible that when the PE block does not have free ends, it may be
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more difficult for its crystallization to induce a breakout with a concomitant
MD percolation than when it is located at the ends of the triblock copolymer.
As a consequence, the crystallization temperature and the melting point of
the PE block in PS-b-PE-b-PCL decrease as the confinement degree increases.
Thus, S57E27C16 and S36E35C29 (whose precursors had PB blocks with 12% by
weight of 1.2 units) melt at 85.1 and 89.5 ◦C, respectively (about 5–10 ◦C less
than in PE-b-PS-b-PCL). Nevertheless, it should be mentioned that even in
cases where the PE block is not morphologically confined, a slight reduction
of the melting and crystallization temperatures with respect to hydrogenated
PB (PE) can be observed. Therefore, it can be concluded that the combined ef-
fects of confined crystallization and topological constraints due to the lack of
free ends are responsible for the reduction of the crystallization temperature
of the PE block in this case. Moreover, it has additionally been observed that
the crystallinity degree of the PE block is significantly depressed when com-
pared with that of neat hydrogenated PB, and these effects can also influence
the crystallization kinetics.

PE-b-PEP-b-PEO triblock copolymers [101, 119] are very interesting be-
cause χPE–PEO and χPEP–PEO are higher than χPE–PEP. As a consequence of
the strong incompatibility of the polar PEO segments with respect to the
other block components, differences in the degree of confinement between
the crystallizable blocks are observed that affect the process of crystallization.
In E11EP71EO18

123 the PEO is confined into isolated MDs and crystallization
takes places at temperatures near – 25 ◦C in a fractionated way. Although the
crystallization temperature is very low compared with that of PEO homopoly-
mer (Tc = 20–40 ◦C), it is not low enough to originate from homogeneous
nucleation (Sect. 5.1), and possible surface nucleation effects have been pos-
tulated by Schmalz et al. [101] to explain the origin of such a low-temperature
exotherm. Self-nucleation experiments confirm that PEO MDs are isolated
and domain II disappears for the PEO that crystallizes at – 25 ◦C (Sect. 6.3).
This behavior is observed in PE-b-PEP-b-PEO copolymers with PEO blocks
with compositions between 18 and 41%. For the PE blocks, within PE-b-
PEP-b-PEO triblock copolymers, the situation is different. Owing to the low
segmental interaction parameter between PEP and PE, the crystallization of
PE chains occurs from a homogeneous mixture of PE and PEP chains with-
out confinement, for example, in E18EP57EO25

133, the PE block crystallizes
at 64 ◦C. Similar behavior was observed for PE blocks in a range between
11 and 24%. The crystallization of the PE block was nearly independent of
the triblock composition and always occurred at temperatures close to those
exhibited by neat hydrogenated PB. Crystallization is induced by heteroge-
neous nucleation and spreads over the entire PE domain. The morphological
study of E19EP40EO41 shows a continuous semicrystalline PE domain consist-
ing of interconnected PE crystallites in an hexagonal array with crystalline
PEO cylinders that are embedded in a matrix of the PEP block. PEO cylinders
exhibit a rectangular shape which might be attributed to the fact that the PEO
cylinders are semicrystalline (Fig. 13b, c).
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Important differences in crystallization behavior were observed between
the two crystallizable blocks within PE-b-PEP-b-PEO triblock copolymers.
The crystallization of PE occurs without confinement from a homogeneous
mixture of PE and PEP segments, but for PEO blocks, the crystallization takes
place exclusively at high supercoolings in small isolated MDs.

6.2
Self-Nucleation Behavior

The technique of self-nucleation [75] can be very useful to study the nucle-
ation and crystallization of block copolymer components, as already men-
tioned in previous sections. In block copolymers, factors like the volumetric
fraction and the degree of segregation affect the type of confinement and
therefore modify the self-nucleation behavior. In the case of semicrystalline
block copolymers, several works have reported the self-nucleation of either
one or both crystallizable components in PS-b-PCL, PS-b-PB-b-PCL, PS-b-
PE-b-PCL, PB-b-PIB-b-PEO, PE-b-PEP-b-PEO, PS-b-PEO, PS-b-PEO-b-PCL,
PB-b-PEO, PB/PB-b-PEO and PPDX-b-PCL [29, 92, 98, 99, 101–103, 134] and
three different kinds of behavior have been observed. Specific examples of
these three cases are given in the following and in Table 5:

1. The “classical” behavior is observed when the block under study is a con-
tinuous phase or a percolated MD and crystallization is induced by het-
erogeneous nucleation, because the probability of a highly active hetero-
geneity being located in the crystallizable domain is sufficiently high. It is
also observed in block copolymers whose crystallization drives structure
formation, i.e., when they crystallize from a homogeneous melt or from
a weakly segregated melt. The PE block within PE-b-PEP-b-PEO triblock
copolymers is an example of a block that crystallizes from a melt mixed
PEP/PE phase; self-nucleation experiments in E18EP57EO25

133 showed
that domain II was reached at a Ts of 99 ◦C. Upon a further decrease of
Ts, annealing takes place at 95 ◦C (Fig. 17a). In PE-b-PEP-b-PEO triblock
copolymers domain II is always present for the PE blocks, regardless of the
PE content between 10 and 25% [101, 119]. In weakly segregated systems,
like PPDX-b-PCL, heterogeneous nucleation events that start within the
MD spread by secondary nucleation once the breakout phenomenon that
allows crystallization to drive structure formation sets in [102, 103].

2. Several block copolymer systems have shown only domains I and III upon
self-nucleation. This behavior is observed in confined crystallizable blocks
as PEO in purified E24EP57EO19

69 [29]. Crystallization takes place for
the PEO block at – 27 ◦C after some weak nucleating effect of the inter-
phase. Domain II is absent and self-nucleation clearly starts at Ts = 56 ◦C
when annealed crystals are already present, i.e., in domain III (Fig. 17b).
The absence of domain II is a direct consequence of the extremely high
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Table 5 Self-nucleation behavior for diblock and triblock copolymers

System Self-Nucleation Self-Nucleation Ref.
Domains Domains
1st Crystallizable 2nd Crystallizable
Block Block

B24I56EO20 I/IIISA 101

B11I70EO19 I/IIISA 101

B17I57EO26 I/IIISA and I/II/IIISA 101

B19I39EO42 I/IIISA and I/II/IIISA 101

PB16/B50-b-EO50 I/II/III 92

E24EP57EO19 I/II/III I/IIISA and I/II/III 101

E24EP57EO19 (purified) I/II/III I/IIISA 101

E11EP71EO18 I/II/III I/IIISA and I/II/III 101

E11EP71EO18 (purified) I/II/III I/IIISA 101

E18EP57EO25 I/II/III I/IIISA 101

E19EP40EO41 I/II/III I/IIIA/IIISA and I/II/III 101

S81EO19 I/IIIA/IIISA 99

S39EO61 I/II/III 99

S63EO16C21 I/IIIA/IIISA I/IIIA/IIISA 134

S15EO37C48 I/II/III I/II/III 134

S27C73 I/IIISA and I/II/IIISA 29

S62B27C11 I/IIIA/IIISA 29

S62B36C38 I/IIISA and I/II/III 29

S27E15C58 I/IIIA/IIISA 98

S35E15C50 I/IIIA/IIISA 98

S57E27C16 I/IIISA 98

S27E23C36 I/II/III 98

D23
8C77

27 I/II/III I/II/III 102

D28
10C72

24 I/II/III I/II/III 102

D40
5C60

7 I/II/III I/II/III 102

D55
7C45

6 I/II/III I/II/III 102

D77
32C23

10 I/II/III I/II/III 102

density of MD structures that need to be self-seeded (of the order of
1015–1016 cm–3). Therefore, to increase the density of self-nuclei, the self-
nucleation temperature has to be decreased to values so low that some
unmelted crystals can be annealed. It must be stressed that only in cases
where the nucleation is homogeneous or superficial is this type of behav-
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Fig. 17 a Classical self-nucleation behavior for polyethylene (PE) within E18EP57EO25
133

triblock copolymer [101]. b Self-nucleation behavior for PEO within purified
E24EP57EO19

64 triblock copolymer [29]. c Self-nucleation behavior for PE within
S35E15C50

219 triblock copolymer [29, 98]. (a, c from [98, 101] with permission. b Re-
printed with permission from [29]. Copyright 2002 American Chemical Society)

ior observed. When low crystallization exotherms are produced by any
type of heterogeneity, domain II is always observed [101].

3. In those cases where the injection of self-nuclei in every MD is most dif-
ficult in view of the very large number of MDs, domain III is split into
two domains. Evaluation of the self-nucleation of the PE block within
S35E15C50

219 shows that not only domain II is absent, but upon decreas-
ing Ts, the PE block is annealed before any detectable self-nucleation
occurs (Fig. 17c). Therefore two subdomains were defined [98]: do-
main IIIA, where annealing without previous self-nucleation occurs and
domain IIISA, where self-nucleation and annealing are simultaneously ob-
served for Ts < 88 ◦C. Domain IIISA would be the exact equivalent to the
standard domain III established by Fillon et al. [75].

Several systems exhibited mixed behavior (Table 5) because crystalliza-
tion occurs in a fractionated way (e.g., B19I39EO42). The fraction of crystals
formed at higher temperatures exhibits the three classical nucleation do-
mains, and those crystals that crystallize at the largest supercoolings can
only be self-nucleated at temperatures where domain III has already started
and therefore domain II disappears for this population. In semicrystalline di-
block or triblock copolymers, when fractionated crystallization is observed
with more than one exothermal signal, the high-temperature exotherm may
be attributed to heterogeneous crystallization of percolated domains and the
low-temperature one to crystallization in isolated domains, depending on
the specific crystallization temperature. An independent proof of the isolated
nature of the MD is required [96] besides dynamic DSC evidence (either
a morphological confirmation or a crystallization kinetics study that yields



54 A.J. Müller et al.

Avrami indexes of the order of 1 or lower) unless the crystallization occurs at
temperatures very close to the Tg of the crystallizing phase.

Table 5 presents results of the self-nucleation behavior of PE, PEO, PPDX
and PCL blocks in 27 block copolymers. A general trend can be observed in
AB and ABC block copolymers as outlined before. Heterogeneity-free MDs
will nucleate either superficially or homogeneously as expected. However, do-
main II will not be observed as a result of the great number of self-seeds that
these crystallizable blocks demand in order to be self-nucleated since they are
confined into MDs like cylinders or spheres where the density of such regions
can be as high as 1015 – 1016 cm–3. This means that the number of MDs ex-
ceeds the number of active heterogeneities by several orders of magnitude. It
is well known that as Ts decreases, the nucleation density sharply increases as
self-nuclei are produced in the material. In these cases of crystallizable blocks
within confined MDs, Ts needs to be lowered to such a degree that partial
melting occurs extensively, and annealing is produced simultaneously or even
before self-nucleation can be realized in every MD.

Chen et al. [92] also performed self-nucleation experiments by DSC in
PB-b-PEO diblock copolymers and PB/PB-b-PEO blends. The cooling scans
presented in their work showed that a classical self-nucleation behavior was
obtained for PEO homopolymer and for the PB/PB-b-PEO blend where the
weight fraction of PEO was 0.64 and the morphology was lamellar in the
melt. For PB/PB-b-PEO blends with cylinder or sphere morphology, the
crystallization temperature remained nearly constant for several self-seeding
temperatures evaluated. This observation indicates that domain II or the self-
nucleation domain was not observable for these systems, as expected in view
of the general trend outlined earlier.

The study of coincident crystallization with self-nucleation techniques was
already mentioned in Sect. 4 in the case of the weakly segregated PPDX-
b-PCL diblock copolymer system. Self-nucleation experiments can also be
used to study triblock copolymers that exhibit coincident crystallization of
two of the constituent blocks upon cooling from the melt in a differential
scanning calorimeter, as happens in S63EO16C21

24 and S15EO37C48
64 (Fig. 16).

The self-nucleation technique can also be employed to gain a separation of
the crystallization and/or melting signal of each block within ABC triblock
copolymers with two crystallizable blocks when coincident transitions are
observed in standard DSC runs [99, 102, 103, 134].

6.3
Influence of Copolymer Architecture:
Star Versus Linear Triblock Copolymers

Molecular architecture modifies the phase behavior of block copolymers. In
block copolymers, macrophase separation is prevented by the connectivity of
the polymer chains. The transition from a homogeneous melt to a heteroge-
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neous melt with ordered MDs is called the ODT. It occurs at a critical value of
χN depending on composition and architecture. Theoretical and experimen-
tal studies reveal a general trend as follows [3]:

(χN)c, blend < (χN)ODT, diblock < (χN)ODT, graft

< (χN)ODT, triblock < (χN)ODT, star.

Star and linear PS-b-PEO-b-PCL triblock copolymers were studied by Floudas
et al. [135, 136] and Arnal et al. [30, 134]. Crystallization in the star block
copolymers started from a homogeneous melt and therefore crystallization
drove structure formation as indicated by SAXS and WAXS results. The lin-
ear ABC triblock copolymer had different behavior; DSC evaluation detected
a single glass-transition temperature at about – 60 ◦C that represents the over-
lap of the PCL and PEO Tgs and a high-temperature glass transition at about
90 ◦C, corresponding to the PS block, indicating that the block copolymers
are microphase-separated. A SAXS experiment of the melt for some compo-
sitions confirmed melt segregation. The observed differences in the degree
of segregation between star and linear triblock copolymers are in agreement
with theoretical studies [3]. Also the molecular weights of the PS-b-PEO-
b-PCL star block copolymers are lower than those of the linear triblock
copolymers; such a relationship between their respective molecular weights
enhances the differences in the behavior between the star and the linear PS-
b-PEO-b-PCL triblock copolymers.

Fractionated crystallization at high supercoolings was observed when ei-
ther one or both blocks constituted the minor components in linear triblock
copolymers (as shown in Fig. 16a). Four star triblock copolymers were evalu-
ated by Floudas et al. [135, 136]: S18EO75C7

27, S13EO58C29
35, S7EO29C64

70 and
S4EO18C78

112. The star triblock copolymers were crystallized isothermally at
39–44 ◦C, and only S13EO58C29

35 and S7EO29C64
70 exhibited crystallization

for both PEO and PCL blocks. In S18EO75C7
27 only the PEO block crystallizes

and in S4EO18C78
112 only PCL crystallizes. Floudas et al. [135, 136] proposed

that the length ratio between crystallizable blocks affects crystallization and
only when this ratio is less than 3 both blocks are able to crystallize. In
very asymmetric stars (i.e., S18EO75C7

27 and S4EO18C78
112), Floudas et al.

proposed that the longer block was found to completely suppress the crystal-
lization of the shorter one. In our opinion, it would be convenient to explore
the crystallization behavior for these PS-b-PEO-b-PCL star triblock copoly-
mers at higher supercoolings, since maybe at much lower temperatures the
shorter block could crystallize.

The study of both star and linear PS-b-PEO-b-PCL triblock copolymers
demonstrates the complexity of the crystallization behavior of ABC triblock
copolymers and also the multiple possibilities of modifying the crystalliza-
tion behavior of the block components by changing composition and/or
molecular architecture.
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6.4
Influence of Thermal Treatments
on Nonisothermal and Isothermal Crystallization

When PS-b-PE-b-PCL triblock copolymers were investigated [98], it was ob-
served that if the copolymer contained small amounts of PCL, this component
exhibited fractionated crystallization upon cooling from the melt even though
the PE block had already crystallized at higher temperatures. In addition,
a general decrease of the crystallization temperature of the PCL component
within PS-b-PE-b-PCL triblock copolymers compared with that within PS-b-
PB-b-PCL was observed (e.g., 20 ◦C in SBC vs. 14 ◦C in SEC). This was the
first evidence to suggest that there was no nucleation effect of the semicrys-
talline PE block on the crystallization of the PCL block. On the basis of the
self-nucleation domains found for the PCL homopolymer, self-nucleation ex-
periments were carried out in the SEC triblock copolymers and compared
with SBC to asses the effect of the previous crystallization of the PE block.
The self-seeding temperature was varied from 140 to 50 ◦C. Figure 18 shows
a comparison between S27B15C58

219 and S27E15C58
219. It can be observed that

the PCL crystallization temperatures were depressed in the SEC when the
Ts employed were in the lowest melting temperature tail of the PE block.
The phenomenon was called an “antinucleation effect,” since a lowering of
the crystallization temperature is obtained. Because this effect is absent in
the PS-b-PB-b-PCL analogue copolymer, it was ascertained that this effect is
a consequence of the annealing of the thinnest or the more defective PE crys-
tals. Such crystals may be the ones closer to the interphase between PCL and
PE.

Recently, the isothermal crystallization kinetics of the PE block within
SEC triblock copolymers was investigated [94]. When the PE content in the

Fig. 18 Peak crystallization temperature as a function of self-nucleation temperature for
hydrogenated and nonhydrogenated S27B15C58 triblock copolymers. (Reprinted with per-
mission from [97]. Copyright 1998 American Chemical Society)
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copolymers was equal to or lower than 40%, it was very difficult to detect
the exothermal heat of crystallization during isothermal DSC experiments.
The authors employed an indirect technique to determine the crystallization
kinetics by DSC. Melting scans after isothermal crystallization performed at
different times were employed to determine the crystallization kinetics one
step at a time (“isothermal step crystallization”). Double-melting endotherms
were observed after isothermal crystallization and they were interpreted as
a result of the melting of two lamellar populations. As the degree of PE con-
finement increased, the Avrami index decreased to values that are even lower
than 1. Figure 19 shows the calculated Avrami indexes for the PE block within
a series of SEC triblock copolymers. It is evident that the Avrami index de-
creases as the PE content in the SEC triblock copolymers decreases, except
for the ESC, where the PE block is located at the end. This indicates that
there is a clear correlation between a decrease of the Avrami index and an in-
crease in the confinement degree of the PE block within the copolymers. In
the cases where PE confinement is high, a probable homogeneous nucleation
(or surface nucleation) was detected (through self-nucleation experiments),
and the Avrami indexes were very low, 0.5 or lower (Fig. 19). Such extremely
low values can be explained by the nature of the homogeneous nucleation
process that in this case is between sporadic and instantaneous (Sect. 3, Eq. 8
and its explanation). Finally, it should mentioned that these materials show
an increase in the supercooling needed for crystallization as the degree of
confinement for the PE block increases and that simultaneously there is a con-
comitant increase in the overall transformation rate.

Floudas et al. [135] also studied the isothermal crystallization of PEO and
PCL blocks within PS-b-PEO-b-PCL star triblock copolymers. In these sys-
tems the crystallization occurs from a homogeneous melt; Avrami indexes
higher than 1 are always observed since the crystallization drives structure
formation and does not occur under confined conditions. A reduction in the
equilibrium melting temperature in the star block copolymers was also ob-
served.

Fig. 19 Avrami index as a function of crystallization temperature for PS-b-PE-b-PCL and
PE-b-PS-b-PCL triblock copolymers. (Reprinted from [94] with permission from Elsevier)
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Abstract This review summarizes recent advances to date in the area of block copoly-
mer micelles and also tries to highlight some new directions in that field. Generalities
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about the preparation, characterization, and dynamics of block copolymer micelles are
first outlined. Selected examples of micelle formation in aqueous and organic media are
shown for block copolymers with various architectures. The different types of micellar
morphologies are discussed. New directions in block copolymer micellization are finally
presented.

Keywords ABC triblock copolymers · Block copolymers ·
Interpolyelectrolyte complexes · Micelles · Nanostructures · Polyelectrolytes ·
Supramolecular chemistry
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UCST upper critical solubility temperature
Z aggregation number

1
Introduction

Block copolymers have been the focus of much interest during the last 30
years because their constituent blocks are generally immiscible, leading to
a microphase separation. Since the different blocks are linked together by co-
valent bonds, the microphase separation is spatially limited and results in
self-assembled structures whose characteristic sizes are of the order of a few
times the radius of gyration, Rg, of the constituent blocks and thus range from
ca. 10 to 100 nm [1].

Moreover, these self-assembled structures tend to be regularly distributed
troughout the bulk material, giving rise to long-range ordering and the for-
mation of structures such as cubic array of spheres or hexagonally packed
cylinders. However, the order in these soft materials is not as perfect as in
crystals, and the size of the ordered domains or grains is generally limited to
a few micrometers or less. Several annealing methodologies in which block
copolymer materials have been exposed to a suitable solvent, temperature, or
electric field have been therefore developed to improve the ordering.

Predicting the characteristic sizes and morphologies of these nanostruc-
tures has been an intense topic of investigation from both the theoretical
and experimental points of view. Critical parameters are the degree of poly-
merization and the volume fraction of the constituent blocks, as well as the
Flory–Huggins parameter between them. More complete information about
microphase separated structures in bulk block copolymers can be found in
the book of Hamley [2].

Whenever block copolymers are dissolved in a selective solvent that is
a thermodynamical good solvent for one block and a precipitant for the other,
the copolymer chains may associate reversibly to form micellar aggregates in
deep analogy with the situation observed for classical low-MW surfactants. In
this respect, a CMC can be defined and experimentally measured for block
copolymer micelles, as discussed in Sect. 2.1. Compared to low-MW surfac-
tants, the values of the CMC are much lower in the case of block copolymer
macrosurfactants. This motivates, e.g., the use of block copolymer micelles as
nanocontainers for drug delivery. In contrast to low-MW surfactants, these
block copolymer nanocontainers do not dissociate into unimers whenever
they are diluted in the blood stream and can therefore transport the drugs
to a specifically targeted area provided that they are functionalized by suit-
able moeities for site-recognition [3]. Nevertheless, macromolecular chains
can encounter some dissolution problems whenever they are placed in a se-
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lective solvent. This problem is especially emphasized for block copolymers
containing a high Tg or a large insoluble block. A way to improve solubility is
based on the temporary use of an organic solvent, which then allows the for-
mation of micelles. Therefore, equilibrium micelles have to be distinguished
for nonequilibrium ones, as will be discussed in Sect. 2.2.

From a morphological point of view, block copolymer micelles consist of
a more or less swollen core resulting from the aggregation of the insoluble
blocks surrounded by a corona formed by the soluble blocks, as decribed in
Sect. 2.3. Experimental techniques that allow the visualization of the differ-
ent compartments of block copolymer micelles will be presented in Sect. 2.4.
Other techniques allowing micellar MW determination will also be briefly
discussed. Micellar dynamics and locking of micellar structures by cross-
linking will be commented on in Sects. 2.5 and 2.6, respectively.

Selected examples of block copolymer micelles in both aqueous and or-
ganic media will then be presented in Sects. 3 and 4. Section 4.3 emphasizes
stimulus-responsive micellar systems from double-hydrophilic block copoly-
mers. Prediction of the dimensional characteristic features of block copoly-
mer micelles and how it varies with the composition of the copolymers will
be shortly outlined in Sect. 5, with a consideration of both the theoretical
and experimental approaches. Tuning of micellar morphology and triggering
transitions between different morphologies will then be discussed in Sect. 6.

Recent progress in novel micellar structures, including micelles contain-
ing “exotic” blocks such as natural or synthetic polypeptides and metal-
containing segments, micelles from ABC triblock copolymers, Janus micelles
and other noncentrosymmetric micelles, micelles based on interpolyelec-
trolyte or other noncovalent complexes, and metallosupramolecular micelles,
will be discussed in Sect. 7.

With the increasing number of publications on block copolymer micelles
(a database literature search with these three associated keywords already
gives more than 500 references), an exhaustive description of all previous
works would not be possible in the framework of the present review. This
contribution has rather as its purpose giving a general overview about block
copolymer micelles for the nonspecialist and will therefore try to answer such
practical questions as how does one prepare block copolymer micelles? How
does one characterize them? What are the different types of structures that
can be formed? How can we predict them? How does one tune the morph-
ology of these micelles? These basic questions and the corresponding answers
will be illustrated by selected examples. Then, we will focus on the new direc-
tions that are currently implemented in this field.

The research area of block copolymer micelles has been reviewed by other
authors including Price [4], Piirma [5], Tuzar and Kratochvil [6], Riess and
coworkers [7, 8], Webber et al. [9], Alexandridis and Hatton [10], Nace [11],
Hamley [2], Alexandridis and Lindman [12], and Xie and Xie [13]. A very
complete review on block copolymer micelles was published recently by
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Riess [14], while polyelectrolyte block micelles have been surveyed by Förster
et al. [15].

In the following discussion, block copolymers will be simply designated
by the acronym A-B for a diblock copolymer, A-B-A for a triblock copolymer
with two identical outer blocks, A-B-C for an ABC triblock copolymer, etc.
A complete list of abbreviations for the A, B, and C polymer blocks is given
in the Abbreviations and Symbols section.

2
Block Copolymer Micelles: General Features

Generalities about block copolymer micelles have been reviewed by Ham-
ley [2] and Riess [14], based on previous works from the 1980s and 1990s.
This topic will not be covered in detail, but the basic principle, as well as
some important practical issues, will be reviewed. The essential experimen-
tal techniques used for block copolymer micelle characterization will also be
outlined briefly.

2.1
Critical Micelle Concentration

Whenever amphiphilic block copolymer chains are dissolved at a fixed tem-
perature and in a selective solvent for one of the blocks, they self-associate
through a closed association process to form micelles similarly to low-MW
surfactants.

The critical concentration at which the first micelle forms is called the crit-
ical micelle concentration, or CMC. As the concentration of block copolymer
chains increases in the solution, more micelles are formed while the con-
centration of nonassociated chains, called unimers, remains constant and is
equal to the value of the CMC. This ideal situation corresponds to a system
at thermodynamic equilibrium. However, experimental investigations on the
CMC have revealed that its value depends on the method used for its deter-
mination. Therefore, it seems more reasonable to define phenomenologically
the CMC as the concentration at which a sufficient number of micelles is
formed to be detected by a given method [16]. In practical terms, the CMC
is often determined from plots of the surface tension as a function of the log-
arithm of the concentration. The CMC is then defined as the concentration at
which the surface tension stops decreasing and reaches a plateau value.

Information about the process associated with the CMC has been pro-
vided by Tsunashima et al. [17], who investigated the micellization of a PS-PB
diblock in various solvents. In these studies, DLS was used to measure Rh.
Measurements were performed in solvents having the same refractive index
of either the PS or PB chains, allowing the determination of the characteristic
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sizes of the individual blocks. In nonselective solvents, it was confirmed that
the PS-PB chains were molecularly dissolved and that both blocks adopted
a stretched conformation due to intersegmental repulsive interactions. In
n-decane, a selective solvent for the PB block, PS-PB unimers with collapsed
PS segments were observed at low concentration while aggregated PS-PB
chains forming spherical micelles were observed at higher concentrations,
thus defining the CMC.

How the CMC varies with the composition of the copolymer has been
extensively studied for PEO-PPO-PEO triblock copolymers in aqueous solu-
tion [18–24]. It was found that copolymers with a larger hydrophobic PPO
block had a lower CMC. The CMC was indeed found to decrease exponen-
tially with the PPO block length [18–20] while an increase in the number
of EO units only resulted in a small increase of the CMC [19]. At a constant
PPO/PEO ratio, the CMC was found to decrease with increasing total MW of
the copolymer [19].

A critical micelle temperature or CMT is a very useful value for PEO-
PPO-PEO copolymers. This arises from the fact that micellization in these
copolymers is due to the dehydration of the PPO block with increasing tem-
perature. The value of the CMT ranges from 20 to 50 ◦C in commercially avail-
able PEO-PPO-PEO copolymers. The CMT increases whenever the copolymer
concentration is increased [19].

The influence of the copolymer chain architecture on the CMC has been
investigated in PEO- and PBO-containing bock copolymers, as schematically
depicted in Fig. 1. From an entropic point of view, the formation of mi-
celles should be favored for diblock architectures compared to triblock and
cyclic ones, the reason being that two block junctions should reside at the

Fig. 1 Schematic representation of chain conformation in micelles from a linear PEO-PBO
diblock copolymers, b linear PEO-PBO-PEO triblock copolymers, c linear PBO-PEO-PBO
triblock copolymers and d cyclic PEO-PBO diblock copolymers
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core–corona interface for triblock and cyclic copolymers, while unfavorable
loop formation will not be observed for the diblock copolymer. Finally, the
less entropically favored situation will be observed for the cyclic copolymers
since both of their blocks should form a loop. Experimental investigations
by Booth et al. on PEO2m-PBO2n and PBOn-PEO2m-PBOn [21] revealed that
the CMC is ca. two orders of magnitude lower for the diblocks at a constant
n value. The CMC for PEOm-PBO2n-PEOm was found to be intermediate be-
tween the two latter architectures [21]. Surprisingly enough, micellization
was favored for the cyclic copolymer compared to the triblock [21]. This can
be understood by considering that the conformation of the cyclic copoly-
mer is restricted in both the unassociated and associated states and therefore
has no impact on the Gibbs free energy of micellization. In addition to the
above-mentioned considerations, bridging of chains between micelles could
occur in the case of PBO-PEO-PBO triblock copolymers, as confirmed by DLS
measurements [25]. In very dilute solutions, flowerlike micelles with all the
triblock chains making loops are likely formed while bridging and forma-
tion of larger structures were already detected for a concentration of 1 wt %
as evidenced by a markedly increased viscosity of the solution [25].

The effect of the diblock versus starlike architecture on the CMC of
PIB-PMVE copolymers was recently investigated in water by Faust and
coworkers [26]. The CMC of an AB (A standing for PIB and B for PMVE)
was compared to the values obtained for the corresponding 2A1B and A2A3B
copolymers, where N(A) = 2N(A1) = N(A2) + N(A3), and N(B) is constant.
Previous work of Pispas et al. on PI-PS miktoarm copolymers dissolved in
n-decane revealed that the micellar characteristic features such as Z and Rh
were strongly dependent on the architecture, but the corresponding CMCs
could not be determined [27]. Faust et al. followed the fluoresence of a probe
(pyrene) in order to determine the CMC. In this widely used technique, the
flurorescence intensity ratios of two different bands (I338.3/I335.9) of pyrene is
measured as a function of copolymer concentration. An increase in this ratio
is observed at a given copolymer concentration, indicating the onset of mi-
celle formation and thus the CMC. The CMC was found to increase in the
order 2A1B, A2A3B, AB. Although the absolute values of the CMCs measured
by other techniques (DLS and surface tension measurements) were signifi-
cantly different from those obtained by pyrene fluorescence, the same order
in CMCs was always observed. It can then be concluded that the shielding
of a hydrophobic A chain by a hydrophilic B chain is less efficient when A is
branched. According to Faust’s report, a branched hydrophobic A chain there-
fore displays properties of a linear chain of higher MW [26].

For highly asymmetric block copolymers with a large insoluble block, the
copolymer chains can’t be directly solubilized in the selective solvent. How-
ever, micelles can be obtained from these copolymers by the temporary use
of a nonselective solvent which is further eliminated (see Sect. 2.2 for further
details on this issue). In principle, all the copolymer chains are aggregated
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for these systems and the CMC is therefore estimated to be infinitely low, as
discussed by Eisenberg et al. [28].

At the end of this section, we will comment on the phenomenon of anoma-
lous micellization that has been reported by several groups on various block
copolymer micelles [6, 19, 29, 30]. The anomalous micellization behavior is
characterized by the observation of large particles prior to the onset of micel-
lization. This is macroscopically visualized by an opalescence of the solution.
Chu and Zhou investigated by DLS this process and found that large particles
were coexisting with either unimers or unimers and micelles [19]. These large
particles represented a few percent of the total mass. It was demonstrated that
the anomalous micellization resulted from composition polydispersity of the
starting copolymer. Even copolymers with a narrow size polydispersity in-
dex could contain small amounts of copolymers with much larger insoluble
blocks that perturb the micellization behavior. This hypothesis was credited
by elimination of the initial large particles, leading then to solutions with a
“normal” micellization behavior [31].

2.2
Preparation of Block Copolymer Micelles

Although it strongly influences the micellar characteristic features, the
method used for the preparation of block copolymer micelles has been very
often poorly discussed in the literature. This crucial point was raised in the
excellent review of Riess [14].

The most direct way to prepare a block copolymer micellar solution con-
sists in the direct dissolution of the bulk sample in a selective solvent for one
of the blocks. However, this method generally only works if the total MW of
the copolymer is low and the length of the insoluble block is short enough.
A way to improve solubility, then, consists in “annealing” the solution by
prolongated stirring, thermal, or ultrasound treatments. According to the lit-
erature, these techniques have the disadvantage that they lead, depending on
the block copolymer, to nonequilibrium micelles, especially when the core-
forming chains of the block copolymer are below Tg [32]. The characteristic
features of the resulting micelles will then depend on the bulk morphology
of the starting bulk sample. It can be assumed that the annealing treatment
will result rather in the dispersion of bulk particles into the selective solvent
than in the formation of micelles based on a unimer–aggregate equilibrium.
These particles will be protected against flocculation by the solvated chains
at their outer surface, but their morphology will be essentially dictated by the
annealing conditions [32].

It should, however, be mentioned that the transfer of a bulk-organized
system into solution can lead to very interesting structures, as will be demon-
strated in Sect. 7.3 in the case of Janus micelles [33]. In this case, a micellar
structure is preformed in the bulk, its core is stabilized by cross-linking, and
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the whole material is finally dissolved in a very good solvent for the coronal
chains. A similar stabilization of a bulk structure that was then transferred to
solution was implemented by Liu et al. for PCEMA-containing block copoly-
mers [34].

Another method is based on the dissolution of the block copolymer in
a nonselective solvent, resulting in the formation of molecularly dissolved
chains. The properties of this solvent are further changed in order to trigger
aggregation of the dissolved chains and hence micelle formation. A selec-
tive solvent for one of the blocks and precipitant for the others is generally
added to the molecularly dissolved chains, although other ways such as tem-
perature or pH changes can be used for micellization as well. In this case,
the unimer–micelle equilibrium can be generally reversibly tuned by pH or
temperature changes. These systems are then rather considered as stimulus-
responsive micelles that can be disassembled or assembled depending on the
applied stimulus, as will be discussed in Sect. 4.3.

Addition of a selective solvent to molecularly dissolved chains has been
used by many research teams to prepare block copolymer micelles. The ini-
tial nonselective solvent can be further eliminated by evaporation or can be
gradually replaced by the selective solvent via a dialysis process. The stepwise
dialysis initially introduced by Tuzar and Kratochvil is now widely used for
micelle preparation [6], especially for the formation of aqueous micelles [32].

This technique does not, however, overcome the formation of “frozen”
micelles due to the formation of glassy cores at a specific nonselective
solvent/selective solvent composition. Polydisperse micelles can also be gen-
erated during this preparation process if the starting material is characterized
by a composition or MW polydispersity. In this respect, micelles will be first
formed by the chains containing the larger insoluble block during the add-
ition of the selective solvent.

This method offers, nevertheless, several advantages. Firstly, the forma-
tion of large aggregates can be suppressed for block copolymers that were
previously solubilized directly in the selective solvent. Secondly, it allows the
formation of micelles for highly asymmetric copolymers with a large insol-
uble block, as illustrated by the works of Eisenberg et al. on the so-called
“crew-cut” micelles [28, 35, 36]. “Crew-cut” micelles are prepared from highly
asymmetric diblock copolymers containing very short water-soluble blocks
initially dissolved in a nonselective solvent (most often DMF). Water is then
slowly added to these solutions. After addition of a critical amount of water
defined as the CWC, aggregation is observed. An additional amount of wa-
ter is added in order to freeze in the morphology of the formed aggregates
generally characterized by a high Tg PS core. Observations on the CWC have
been realized by turbidimetry and rationalized by Eisenberg et al. [37]. These
authors have shown that the CWC depends on both the copolymer concentra-
tion in nonselective solvent and the MW of the insoluble block. The higher
the copolymer concentration and the MW of the insoluble block, the lower
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the CWC [37]. The same authors also investigated the influence of the starting
nonselective solvent on the characteristic features of the resulting “crew-cut”
micelles and found that polymer-solvent interactions determined the dimen-
sions of both the core and corona of the aggregates [38].

2.3
Micellar Structure

It is important to define clearly the characteristic features of block copolymer
micelles. We mentioned above that the insoluble blocks formed a micellar
core surrounded by a corona. Depending on the composition of the starting
block copolymer, two limiting structures can be drawn: (1) “starlike” mi-
celles with a small core compared to the corona and (2) crew-cut micelles with
a large core and highly stretched coronal chains. Both situations are schemat-
ically depicted in Fig. 2.

The process of micellization is thus characterized by the aggregation of
a given number of block copolymer chains, defined as the aggregation num-
ber or Z. The core is characterized by its radius Rc (Fig. 2), while the overall
radius of the micelle is defined as Rm. Other ways of defining the overall di-
mension of a micelle are the radius of gyration Rg and the hydrodynamic
radius Rh; both are defined elsewhere [39]. The distance between neighboring
blocks at the core/corona interface is called the grafting distance b. There-
fore, b2 is the area occupied by one chain at the core/corona interface and
can be compared to the area by head group as defined for low-MW surfactant
micelles [40].

Fig. 2 Schematic representation of a “starlike” (a) and a “crew-cut” (b) micelle. Important
structural parameters (Rc and Rm) of block copolymer micelles are indicated in (b)
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Key parameters that control Rc, Rm, b, and Z are the degree of polymer-
ization of the polymer blocks, NA and NB, and the Flory–Huggins interaction
parameter χ. The free energy of a micelle is mainly determined by (1) the
interfacial energy of the core/shell interface, (2) the stretching energy of the
block copolymer chains, and (3) the repulsion among coronal chains. The
minimum of the free energy corresponds to an equilibrium grafting dis-
tance b, which depends on block lengths and salt concentration in the case of
charged coronal blocks.

The micellar structure depicted in Fig. 2 is of course only valid for simple
AB diblock copolymers. The situation can be much more complex for mi-
celles prepared from block copolymers with complex architectures, as will be
discussed later.

2.4
Characterization of Block Copolymer Micelles – Experimental Techniques

Extensive reviews on experimental techniques suitable for block copolymer
micelle characterization have been provided by Tuzar [41], Munk [42], Chu
and Zhou [19] Webber [43], Mortensen [44], Zana [45], and Hamley [2].
Moreover, Hamley has systematically listed the different techniques specific-
ally used for different types of block copolymer micelles.

In the following discussion, we would like to briefly highlight the differ-
ent methods used for morphological characterization of block copolymer
micelles emphasizing advantages and limitations. This will be illustrated by
selected examples from our own investigations on various block copolymer
micelles.

Transmission electron microscopy (TEM) techniques have been widely
used over the last 30 years for the direct visualization of block copolymer
micelles. Different ways of sample preparation have been tested, some of
them being translated from TEM observations on soft biological materials.
Since block copolymer micelles essentially contain light elements such as C,
H, N, and O, no good electronic contrast can be obtained from these spe-
cimens. Moreover, these soft materials are subjected to degradation during
observation, a “ghost” picture of the objects being then recorded. Most of the
preparation techniques have been devoted to enhancing both the electronic
contrast and the stability of the micellar objects for TEM observations. Con-
trasting techniques with heavy metals have been widely used to reach these
two goals. In these experiments the micelles are usually initially deposited
on a TEM grid covered with an amorphous film and further observed in the
dried state. Heavy metals can interact with block copolymer micelles bearing
suitable functional moieties. Typical examples are the reactions of RuO4 to
aromatic double bonds and OsO4 to aliphatic double bonds. These staining
techniques also allow the direct visualization of a specific compartment of the
micelles, e.g., the core. This is illustrated in Fig. 3 for aqueous micelles from
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a PS-P2VP-PEO triblock copolymer and contrasted with RuO4 [46, 47]. At ba-
sic pH, both the PS core and hydrophobic P2VP shell are equally stained and
cannot be distinguished, while at acidic pH the protonated and water-soluble
P2VP shell is less contrasted and can be discriminated from the PS core. The
PEO corona is never visualized in these experiments.

Negative contrasting techniques are based on the use of a contrasting agent
that does not interact with the micelles and that therefore spreads onto the
substrate. Micelles then appear as bright spots on a dark background. Phos-
photungstic acid is a typical negative staining agent. The dimension of the
core + dried corona is measured from this experiment. Metal can be splat-
tered on block copolymer micelles by exposing the TEM grid to metal vapor

Fig. 3 TEM (top) and AFM phase contrast images (bottom) of aqueous micelles formed
by a PS200-P2VP140-PEO590 ABC triblock copolymer at pH > 5 (left) and pH < 5 (right).
For TEM pictures, the PS and P2VP blocks have been stained by RuO4. AFM images
have been recorded with tapping mode (contrast scale: black: 0◦, white: 45◦). Adapted
from [47]
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under a certain angle. Each micelle will generate a shadow whose size and
shape depend on the metal deposition angle and on the morphological char-
acteristic features of the micelles. A typical TEM picture from Pt-shadowed
PS-PEO metallosupramolecular micelles (see Sect. 7.5 for further details)
showing large aggregates is presented in Fig. 4 [48]. Metallic replica of freeze-
fractured micellar solution can also be examined.

The more recently developed cryo-TEM technique has started to be used
with increasing frequency for block copolymer micelle characterization in
aqueous solution, as illustrated by the reports of Esselink and coworkers [49],
Lam et al. [50], and Talmon et al. [51]. It has the advantage that it allows
for direct observation of micelles in a glassy water phase and accordingly de-
termines the characteristic dimensions of both the core and swollen corona
provided that a sufficient electronic contrast is observed between these two
domains. Very recent studies on core-shell structure in block copolymer mi-
celles as visualized by the cryo-TEM technique have been reported by Talmon
et al. [52] and Förster and coworkers [53]. In a very recent investigation, cryo-
TEM was used to characterize aqueous micelles from metallosupramolecular
copolymers (see Sect. 7.5 for further details) containing PS and PEO blocks.
The results were compared to the covalent PS-PEO counterpart [54]. Figure 5
shows a typical cryo-TEM picture of both types of micelles.

Scanning electron microscopy (SEM) techniques have proven to be suitable
for the visualization of block copolymer micelles, as illustrated in, e.g., the
recent work of Erhardt et al. on “Janus” micelles (Sect. 7.3) [55].

Fig. 4 Pt-shadowed TEM picture of micelles and aggregates formed by metallo-
supramolecular PS20-[Ru]-PEO70 aqueous micelles. Reprinted with permission from [48].
Copyright (2003) Wiley
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Fig. 5 Cryo-TEM pictures of metallosupramolecular PS20-[Ru]-PEO70 (a) and covalent
PS22-PEO70 (b) aqueous micelles. Arrows in a indicate isolated micelle and cluster of
micelles. Reprinted with permission from [54]. Copyright (2004) Springer

Direct visualization of block copolymer micelles can also be achieved by
atomic force microscopy (AFM). AFM measurements can be performed either
in the dried state or directly “in situ” within a liquid cell. “Dry” measure-
ments are realized on micelles adsorbed or deposited on a flat solid substrate
(silicon wafer, mica, ...) that have been further dried. The shape and size of
the micelles can however be affected by tip-convolution effects, by specific
interactions between the substrate and some moeities of the block copoly-
mer, or by relaxation of a low Tg micellar core resulting in the flattening of
the micelles on the substrate. Typical AFM pictures from dried PS-P2VP-PEO
aqueous micelles at basic or acidic pH are shown in Fig. 3 and can be directly
compared with the corresponding TEM pictures [46, 47]. At first glance, AFM
measurements in a liquid cell seem to be more appropriate for obtaining per-
tinent morphological information on micelles in their original swollen state.
In these AFM experiments, the micelles have a more or less developed ten-
dency to adsorb at the substrate/liquid interface, which is the locus where the
measurements are performed. Nevertheless, several artifacts, such as sticking
of the micelles on the AFM tips, can perturb the observation as highlighted in
very recent papers of Hamley et al. [56, 57].

Information on micellar morphology can also be obtained by scattering
techniques with the advantage of giving a mean value calculated over a large
number of micelles, but with the drawback that it is model dependent. A re-
cent review on small-angle X-ray scattering on block copolymer micelles
was published by Mortensen [44]. Small-angle neutron scattering (SANS) has
also been widely used to elucidate micellar structures. In order to generate
a sufficient scattering contrast, SANS experiments are generally conducted
in deuterated solvents and/or with partially deuterated copolymers. Under
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such labeling conditions, the core and corona of the micelles can be selec-
tively studied. Light scattering is a very common technique used for block
copolymer micelle characterization. Static light scattering allows one to de-
termine the absolute weight-averaged MW and thus Z of the micelles, as well
as Rg. Information about the quality of the selective solvent for the coronal
chains through the second virial coefficient can also be obtained [39]. Rh can
be measured by dynamic light scattering [39].

Analytical ultracentrifugation (AUC) has been used infrequently to char-
acterize block copolymer micelles, although it allows one to determine the
weight fraction of micelles, unimers, and eventually other species such as
superaggregates of micelles. The sedimentation coefficient of the different
species in solution depends on their MW, buoyancy, and friction coefficient,
and on the centrifugal force applied. Although it can be argued that the
unimer-micelle-aggregate equilibrium is continuously disturbed and reestab-
lished during AUC experiments, it has been successfully applied to block
copolymer micelles as demonstrated by the early works of Selb and Gal-
lot [58] and the recent investigations of Schubert et al. [59, 60]. In this latter
work, the different species present in solution was fractionated using a su-
crose gradient, and the MW of each fraction was also measured.

Size-exclusion chromatography (SEC) has been used to characterize the
unimer-micelle distribution. However, SEC is not an absolute method and
thus requires calibration. Since it is practically impossible to calibrate a SEC
apparatus for the unimers and micelles formed by a block copolymer, only
indicative MW values can be obtained. Moreover, several authors have noted
a strong perturbation of the unimer-micelle equilibrium during SEC experi-
ments even when interaction of the material with the SEC column was mini-
mized [4, 61, 62].

Other characterization techniques are devoted to the determination of the
CMC. They have been reviewed elsewhere [2, 14] and will not be discussed
here. Various NMR, fluorescence, and stop-flow techniques have also been
used to characterize different aspects related to the dynamics of block copoly-
mer micelles, as will be discussed in the next section.

2.5
Dynamics of Block Copolymer Micelles

The dynamics of micellar systems is a very important concern that is relevant
at several levels. In this respect, the dynamics required for the establishment of
the unimer–micelle equilibrium is one aspect. The so-called problem of micelle
hybridization that deals with the exchange rate of unimers between different
micelles is closely related. Finally, the chain dynamics of polymer blocks in
either the core or the corona is another concern that can, however, be linked
to some extent to the first two mentioned concepts. These different aspects
have been scarcely studied and reviewed by Tuzar and Kratochvil [6, 41], and
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Hamley [2] and recently by Riess [14]. However, we feel that these important
problems should be briefly discussed in the present review.

Stop-flow experiments have been performed in order to study the kinetics
of micellization, as illustrated by the work of Tuzar and coworkers on PS-PB di-
blocks and the parent PS-PB-PS triblocks [63]. In these experiments, the block
copolymers are initially dissolved as unimers in a nonselective mixed solvent.
The composition of the mixed solvent is then changed in order to trigger mi-
cellization, and the scattered light intensity is recorded as a function of time.
The experiment is repeated in the reverse order, i.e., starting from the block
copolymer micelles that are then disassembled by a change in the mixed sol-
vent composition. The analysis of the experimental results revealed two distinct
processes assigned as unimer–micelle equilibration at constant micelle concen-
tration (fast process) and association–dissociation equilibration, accompanied
by changes in micellar concentration (slow process).

The differences observed between AB di- and ABA triblock copolymers
could be explained because two A blocks must escape from the micellar core
in the case of ABA triblock chains.

The exchange of block copolymer chains between micelles is also a prob-
lem of high interest. It is especially relevant whenever applications for block
copolymer micelles are considered. For example, block copolymer micelles can
be used to stabilize colloids such as pigment particles [64, 65]. In this case,
it is generally acknowledged that some block copolymer chains escape from
the micelles and are then adsorbed on the surface of the colloidal particle or
that the whole micelle is adsorbed and then rearranges at the surface of the
particle [14]. For such processes to be effective, the block copolymer chains
should contain a good anchoring block to interact with the particle, the other
block should dangle in solution and ensure a good stabilization of the par-
ticle, and finally the block copolymer chains should escape easily from the
micelles or the micelles should easily rearrange whenever they are in con-
tact with the particle. The unimer–micelle exchange rate has been studied by
Creutz et al. using steady-state fluorescence [66, 67]. In such experiments, mi-
celles from PDMAEMA-PMANa copolymers labeled with a covalently bound
donor, naphthalene, were mixed with micelles formed from the same copoly-
mers in which the donor had been replaced by an acceptor, pyrene (pyrene
was not bound to the copolymer but simply mixed). Upon mixing the two so-
lutions, exchange of PDMAEMA-PMANa chains occurred and donor-tagged
chains entered micelles containing the acceptor. Specifically exciting the donor
and monitoring the emission of the acceptor has been simultaneously per-
formed in order to measure the energy transfer between the two molecules.
The increasing emission intensity of the acceptor with time was then con-
sidered as a measure of the exchange rate of unimers between micelles. The
rate constants for the PDMAEMA-PMANa copolymers were found to be of
the order of 10–3 s–1. Moreover, the influence of the molecular architecture
and the composition of the copolymers was also studied. The exchange rate
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was slower whenever the length of the insoluble block was increased and
a triblock architecture with the outer insoluble blocks was considered. The
influence of temperature was studied by the same authors on aqueous mi-
celles formed by PS-PMANa and PtBS-PMANa copolymers. No exchange rate
could be detected at room temperature, while the exchange rate was meas-
urable at 60 ◦C. The influence of the addition of a small amount of a good sol-
vent for the micellar core was also studied as a way to increase the exchange rate
in frozen micelles. In a similar way, the addition of a plasticizer such as dimethy-
ladipate has been successfully used to increase the micelle–unimer exchange
rate in frozen PMMA-PMANa micelles [68].

Similar fluorescence techniques have been used by other authors on mi-
celles containing PS cores. In this respect, Riess and Hurtrez showed that no
chains were exchanged for PS-PEO micelles, even for rather low PS MW [69].

The chain-exchange in pyrene and naphthalene singly labeled PEO-
PMAA micelles was recently investigated by fluorescence spectroscopy [70].
The driving force for micelle formation in these copolymers is the self-
complexation between PEO and PMAA blocks due to hydrogen bonding. The
chain-exchange between these micelles at a low degree of ionization of the
PMAA blocks was observed to take place via two distinct mechanisms. In-
sertion and expulsion of the single chains were found to be responsible for
a faster exchange event, whereas merging and subsequent splitting of the
micelles was characteristic for the slower exchange process.

SANS has been recently used to study problems related to micelle prep-
aration and kinetics, as reported by Bates and coworkers who have used
time-resolved SANS to study molecular exchange and micelle equilibration
for PEO-PB diblocks in water [71]. The authors have shown that the micellar
structures initially formed upon dissolution were completely locked in up to
8 d after preparation. Fluorometry and DLS have also been used to monitor
micelle equilibration [72].

Exchange of unimers between two different types of block copolymer mi-
celles has often been referred to as hybridization. This situation is more
complex than for the case described above because thermodynamic parame-
ters now come into play in addition to the kinetic ones. A typical example of
such hybridization is related to the mixing of micelles formed by two differ-
ent copolymers of the same chemical nature but with different composition
and/or length for the constituent blocks. Tuzar et al. [41] studied the mixing
of PS-PMAA micelles with different sizes in water–dioxane mixtures by sedi-
mentation velocity measurements. These authors concluded that the different
chains were mixing with time, the driving force being to reach the maximum
entropy.

The last feature about micellar dynamics is related to the local mobility
of chain segments in the core or in the corona of the micelles. SAXS, SANS,
and fluorescence techniques have proven to be effective for obtaining in-
formation about chain conformation and dynamics in the different micellar
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domains, as reviewed by Alexandridis and Hatton [10], Prochazka et al. [73],
and Zana [45]. Neutron spin echo has been used to measure the dynamic
structure factor from intensity fluctuations as a function of time. Farago et al.
have used this technique to probe the dynamics of the coronal PI chains for
PS-PI micelles in decane [74]. The results were found to be in agreement with
the model of de Gennes for “breathing” coronal chains. A recent investiga-
tion of Castelletto et al. by neutron spin echo dynamics on PBO-PEO micelles
in D2O revealed the presence of two dynamic modes, i.e., “fast” and “slow”
modes, whatever the concentration of the solution [75]. The “slow” mode that
dominates at low scattering angles was shown to correspond to the transla-
tional diffusion of micelles, while the additional “fast” mode was ascribed to
internal “blob scattering” in the micellar corona.

Direct information on chain mobility can be easily obtained by NMR while
considering that a decreased mobility of protons in polymer chains with hin-
dered motion results in broadening of the respective NMR lines and even
disappearance of the corresponding signal when the polymer is in the glassy
state. This last feature has been widely used to prove micelle formation as
illustrated by Spevacek [76] on PS-PB micelles with a PS core. At room tem-
perature, the aromatic signals associated to PS chains could not be detected
while they were visible at 87 ◦C. The same approach was more recently used
to study stimulus-responsive micelles that could change their structure de-
pending on the environment. This is illustrated by the work of Armes et al.
on so-called schizophrenic micelles [77]. Depending on pH and/or tempera-
ture, core-forming chains can be switched to coronal chains while the reverse
is observed for the initial coronal chains that transform into core chains. This
reorganization of the micellar structure upon application of the stimulus can
be easily followed by NMR.

2H NMR measurements on partially deuterated PS-PMANa copolymers
have been performed by Gao et al. [78]. Deuterated segments were introduced
in several locations of the core-forming chains, and their mobility was meas-
ured. For segments buried in the PS micellar core, the mobility was found to
be essentially the same as in a bulk PS sample, while the segments located
near the PS/PMANa interface were characterized by a restricted mobility due
to the neighboring ionic groups that were thought to experience ionic associ-
ation as in ionomers.

Other examples of chain dynamics measurements can be found in Ham-
ley’s book [2].

2.6
Cross-Linked Micelles

It has been shown that block copolymer micelles are dynamic structures, al-
though they can be kinetically frozen. Unimers can thus escape from micelles
and be exchanged with other micelles or be adsorbed on another interface



84 J.-F. Gohy

such as the surface of a pigment particle. The unimer-micelle equilibrium
is influenced by the copolymer concentration. In this respect, micelles can
disintegrate into unimers if the concentration is below the CMC. Moreover,
block copolymer micelles will be disassembled whenever the initial solvent is
changed for a better solvent for the core-forming chains. Similarly, pH, ionic
strength, or temperature changes can modify the aggregation state for the
stimulus-reponsive micellar systems.

An obvious way to stabilize block copolymer micelles consists in the cross-
linking of the micellar core or corona. Several strategies have been developed
to reach this goal, as briefly illustrated in the following discussion.

Block copolymer micelles containing PB cores were cross-linked either by
UV or fast electron irradiation [79–81]. This was accompanied by a shrinkage
of the micelles.

Liu and coworkers systematically used photo-cross-linking to stabilize mi-
celles containing a PCEMA core [82]. The micellar characteristic features (Z,
etc.) were not affected by the cross-linking process, as proven by SLS, DLS,
TEM, and SEC.

Wooley and coworkers have cross-linked the micellar corona and obtained
the so-called shell cross-linked knedellike micelles [83, 84]. This strategy was
further applied to a wide variety of block copolymer micelles. Armes and
coworkers have used a similar approach for the preparation of shell cross-
linked micelles with hydrophilic core and shell [85]. Many other related ex-
amples can be found in the literature.

3
Micelles from Block Copolymers in Organic Solvents

Excellent reviews on micelles formed in organic solvents have been pub-
lished by Hamley [2], Chu et al. [86], and Riess [14]. From these overviews
it appears that a wide range of styrene-, (meth)acrylates-, and dienes-based
block copolymers were investigated and that the formation of micelles in or-
ganic solvents can generally be considered as an entropy-driven process. AB
diblock and ABA triblock architectures were systematically compared. All
these previous investigations have been summarized by Hamley [2]. We will
therefore not perform an extensive review of all these systems, since this in-
formation has already been provided by others, but we will briefly outline
some selected examples.

As far as micelles in organic media are concerned, two types of block
copolymers can be considered—those with two hydrophobic blocks and
those with one hydrophilic and one hydrophobic block. The latter form the
so-called reverse micelles, which contain a hydrophilic core surrounded by
a soluble hydrophobic corona.
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3.1
Micelles from Double-Hydrophobic Copolymers in Organic Solvents

The micellization behavior of copolymers containing two hydrophobic
blocks, or double-hydrophobic block copolymers, has been shown to be
mainly controlled by the solvent and its interaction with the copolymer
blocks. It is thus possible to tune the micellization of these copolymers
by changing the organic solvent. In this respect, large differences in Z,
Rh, Rc, etc. are expected whenever the interaction parameter between the
polymer and the solvent is varied. This is illustrated by, e.g., the work of Pit-
sikalis et al. [87] for PS-PSMA diblock copolymers dissolved in either ethyl-
or methylacetate. The effect of temperature has been studied by Quintana
et al. [88, 89], who have clearly shown that CMC decreases with increasing
temperature for PS-PEB copolymers in alkanes.

Supercritical carbon dioxide (scCO2) can be considered to some extent as
an organic solvent. Various chemical reactions have recently been considered
in scCO2, the main advantage being that the final products can be recov-
ered by easy elimination of the “nonharmful” solvent. In this respect, “green”
polymerization reactions have been considered in scCO2. However, a few
monomers and polymers are soluble in scCO2, most of them belonging to the
perfluorinated compound and silicone families. Block copolymer micelles in
scCO2 recently became a field of interest due to their capability to stabilize
emulsionlike polymerization systems. Therefore, the micellization behavior
of block copolymers containing either a perfluorinated or a polysiloxane
block associated to another block compatible with the dispersed phase has
been studied in scCO2. Specific experimental setups have been built up to
allow the study of micelles in scCO2. This is illustrated by the works of Mc-
Clain et al. on the micellization of PVAC-PTAN copolymers in scCO2 [90].
A combination of DLS and SLS allowed the phase diagram of such copoly-
mers in scCO2 to be determined. Three regions were observed: (1) two-phase
region at low CO2 density, (2) solutions of spherical micelles at intermediate
CO2 densities, (3) solutions of unimers at high CO2 densities. Z was found
to decrease with an increasing density of scCO2 in region (2) because an in-
crease in the CO2 density corresponds to an improvement in solvent quality
for both blocks of the copolymer. SANS has been further used by the same
authors to study the unimer–micelle transition in the PVAC-PTAN copoly-
mers, which was referred to as a critical micelle density (CMD) by analogy
with the CMC [91].

3.2
Micelles from Amphiphilic Copolymers in Organic Solvents

Reverse micelles from amphiphilic block copolymers have been widely in-
vestigated. In such micelles, the core is typically formed from PEO, PMAA,
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PAA, or P2VPQ hydrophilic blocks while the corona consists of hydrophobic
chains.

PEO-based copolymers have received much attention. In this respect,
PEO-PPO and PEO-PPO-PEO Pluronic copolymers were investigated in or-
ganic solvents such as formamides, as illustrated by the works of Lindmann and
coworkers and Alexandridis et al. [92–94]. However, the formation of reverse
micelles in organic solvents from PEO-based block copolymers has been shown
to be a complex phenomenon due to the ability of PEO to crystallize.

The crystallization of PEO has been studied in PS-PEO and PB-PEO mi-
celles by several groups including Gallot and Gervais [95] and Gast et al. [96–
98]. Wu and Chu [99] and Guo et al. [100] demonstrated that a key parameter
in the crystallization of PEO was the amount of residual water. Similarly, Gast
et al. [98] showed that PS-PEO copolymers form micelles in cyclopentane
having Z between 17 and 100 depending on the copolymer concentration and
on the water content. In the absence of water, lamellar microcrystals or shish-
kebab structures are formed by chain-folding crystallization of PEO as shown
by Kovacs et al. [101] and Gast and coworkers [96]. This leads to micelles with
an unusual lamellar morphology, as will be discussed in Sect. 6.

PS-PEO reverse spherical micelles have been used as nanoreactors for the
synthesis of metallic nanoparticles, as shown by the works of Möller and
coworkers [102] and Bronstein et al. [103].

Reverse micelles from PMAA and PAA-containing copolymers have been
extensively studied by Eisenberg and coworkers [104, 105]. These authors
considered the micellization of the so-called “block ionomers” formed of
a major PS block linked to ionized PAA and PMAA segments. Stable spher-
ical micelles were formed by these copolymers in organic solvents such as
toluene. Their characteristic size was systematically investigated by a combi-
nation of experimental techniques including TEM, SAXS, DLS, and SLS. The
micelles were shown to consist of an ionic core and a PS corona. The mobility
of the PS segments located near the ionic core was found to be restricted, as
discussed in Sect. 2.4.

P2VP- and P4VP-containing reverse micelles have also been widely in-
vestigated. Förster et al. reported a very detailed investigation on PS-P4VP
copolymers dissolved in toluene, a selective solvent for the PS block [106]. By
combining TEM, DLS, and SLS, they determined how Z was scaling with the
average degree of polymerization of both the P4VP and PS blocks. PS-P4VP and
PS-P2VP block copolymer micelles have been widely used as templates for the
synthesis of metallic nanoparticles. To achieve this goal, precursors of metals
were first loaded into the micellar P2VP or P4VP core, which was achieved by
simply stirring the precursor salt in the micellar solution. Transition metals
were bound either directly to the P2VP or P4VP ligand in the micellar core (e.g.,
Pd(AcO)2, Cd(ClO4)2) or indirectly as counterion. This is the case of HAuCl4,
which protonates the P2VP or P4VP blocks, and therefore AuCl4– is bound as
the counterion. Even if the precursor salt is soluble in the solvent, e.g., in the
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case of the PS-P4VP/THF system, the equilibrium distribution of metal ions
is strongly shifted to the micellar core because of the much better coordina-
tion to the soft base P2VP or P4VP compared to the hard base THF [107]. In
a further step, the metal precursor has to be reduced to form the metal. This
step is rather easy because the redox potential of the coordinated metal is of-
ten reduced due to a partial charge transfer from the polarizable ligands to
the positively charged metals. Common reducing agents are LiAlH4, NaBH4,
H2N – NH2, LiBEt3H, and H2. Semiconductor nanoparticles can also be pre-
pared by addition of H2S to the metal precursors to form the corresponding
metal sulfides. The reduction initially leads to the formation of primary metal
atoms or semiconductor particles. These particles further aggregate to form
larger clusters by nucleation and growth processes, as previously reviewed by
Förster and Antonietti [107]. These processes can lead either to one single
colloid per micellar core or to several small colloids within a micellar core.

In a more general way, the loading of metal salts into preformed block
copolymer micelles has become the most used route for the incorporation of
precursors into block copolymer nanostructures because it allows precursor
loading with tolerable loading times, it is quite versatile, and it is applicable
to a wide variety of precursor/block copolymer/solvent systems. The accord-
ingly synthesized polymer-coated metallic or semiconducting nanoparticles
exhibit increased stability, which results in, e.g., protection against oxidation
as illustrated by Antonietti et al. [108].

Various metallic nanoparticles have been prepared in the case of PS-
P2(4)VP reverse micelles, as illustrated by the works of Möller et al. [109–111]
and Antonietti and coworkers [112]. Very recently, Bronstein et al. reported
on the synthesis of bimetallic colloids formed in PS-P4VP micelles and their
catalytic behavior for the selective hydrogenation of dehydrolinalool [113].

Besides metallic nanoparticle synthesis, interaction of metal salts with
P2VP or P4VP blocks has a deep effect on the micellization behavior of the
corresponding PS-P2VP and PS-P4VP copolymers. Indeed, the incompatibil-
ity between the core and the shell in the micelles can be enhanced by neu-
tralizing the 2VP or 4VP units of the core-forming block by, e.g., HAuCl4. To
minimize the unfavorable contacts, the core chains stretch and Z is increased.
This is illustrated by the work of Möller and coworkers who studied the as-
sociation behavior of PS-P2VP copolymers in the presence of HAuCl4 [114].
In the case of short PS coronal blocks, i.e., crew-cut micelles, spherical mi-
celles were formed at dilute concentration. However, upon evaporation of the
solvent, cylindrical micelles were observed. In a related study on PS-P2VP mi-
celles in toluene, a morphological transition from spherical micelles to large
anisotropic objects was observed by decreasing the concentration of the block
copolymer below the CMC [115].

PS-P2VP copolymers with a miktoarm starlike architecture deposited onto
mica or Si wafers have been investigated by Kiryi et al. [116]. These authors
studied, using AFM with molecular resolution, single-molecule conforma-
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tions formed in a controlled environment (Fig. 6). In toluene, unimolecular
micelles were formed with the P2VP arms in the micellar core and the swollen
PS arms as the micellar shell. The reverse situation was observed in acidic wa-
ter. The transition between those two inverse types of micelles was strongly
modified by interaction with the mica substrate. Indeed, the micelles de-
posited onto mica from acidic water were trapped via P2VP extended arms.
Upon treatment of the trapped micelles with toluene the PS core was swollen
and PS arms gradually adapted an extended conformation, whereas P2VP
trapped arms retained their extended conformation due to the strong inter-
action with the mica substrate. The obtained structures exhibited a unique
conformation that does not exist in any solvent and could not be obtained
upon a simple adsorption procedure.

Fig. 6 AFM topographic images (a–d, i, j) and cross sections (e, f, k, l) of a miktoarm PS-
P2VP star copolymer adsorbed on mica from chloroform (a–c, e), from THF (d, f) and
from acidic water (HCl, pH = 2) in salt free (i, k) and in the presence of 1 mM Na3PO4
(j, l). Schematic representation of the solution conformations and conformations in ad-
sorbed state of the PS-P2VP in chloroform (g), THF (h), in water at pH = 2 before (n)
and after adsorption (m) respectively (PS arms in red, P2VP ones in blue). Reprinted with
permission from [116]. Copyright (2003) American Chemical Society
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4
Micelles from Block Copolymers in Aqueous Solution

4.1
Nonionic Amphiphilic Block Copolymers in Aqueous Solution

Nonionic amphiphilic block copolymers in aqueous solution are typically
formed of a water-soluble hydrophilic block, e.g., PEO, PMVE, PNIPAM,
linked to a hydrophobic block, e.g., PPO, PBO, PS, PMMA.

The commercially available PEO-PPO and PEO-PBO amphiphilic di- and
triblock copolymers have been widely investigated in aqueous medium. De-
pending on temperature and concentration, different structures have been
reported for the corresponding micellar solutions, including micelles of var-
ious morphologies and physical gels. Their micellization behavior has been
studied quite extensively and summarized in the review articles of Chu and
Zhou [19], Almgren et al. [117], Hamley [2], Booth et al. [21, 118], and
Wanka et al. [119]. The morphology of spherical micelles formed by PEO-
PPO copolymers has been studied using DLS, SLS, SAXS, and SANS. A rather
detailed picture of the morphology of such micelles has been established, as
exemplified by the work of Mortensen and Pedersen [120], who have shown
that in the case of spherical micelles the PPO core is surrounded by a dense
layer of PEO segments and an outer corona of flexible PEO chains.

Recent studies on PEO-PPO, PEO-PBO di- and triblock copolymers in-
clude the works of Bahadur et al. [121], who examined the role of various
additives on the micellization behavior, of Guo et al. [122], who used FT-
Raman spectroscopy to study the hydration and conformation as a function
of temperature, of Booth and coworkers [123], who were mainly interested in
PEO-PBO block copolymers with long PEO sequences, and of Hamley et al.,
who used in situ AFM measurements in water to characterize the morphology
of PEO-PPO micelles [56, 57].

PS-PEO di- and triblock copolymers have been investigated in detail, as
summarized in the review of Riess [14]. For PS-PEO diblock, Z was found
to increase with the copolymer MW at constant composition and to de-
crease with PEO content for a given MW [124]. It was further observed
that PEO-PS-PEO triblocks had lower Z than the corresponding PS-PEO di-
blocks [125, 126]. These micelles were, however, characterized by two typical
characteristic features: (1) nonequilibrium “frozen” micelles were formed due
to the high Tg PS core, and (2) these micelles were prone to secondary ag-
gregation. Aggregation of PS-b-PEO micelles has been reported by, e.g., Khan
et al., who observed two populations of objects by TEM [127]. Two popula-
tions, with Dh at 40 and 150 nm, respectively, were also detected by Xu et al.
by light scattering in similar samples [128]. The smaller population was at-
tributed to regular micelles, while the larger one was believed to consist of
loose micellar clusters. Mortensen et al. have studied a PS-PEO copolymer
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using SANS, DLS, and SLS and have evidenced the formation of anisotropic
clusters in water at concentrations up to 10 wt % [129]. These authors consid-
ered the clusters to be the result of the merging of the initial spherical micelles
into bigger aggregates. Clustering of PS-PEO micelles in water was also inves-
tigated by Bronstein et al. using SLS and AUC [130]. These authors showed
that the micellar clusters could be decomposed by the addition of toluene
due to an increased mobility in mobility of the PS core-forming chains. Add-
ition of inorganic salts interacting with the PEO blocks also resulted in the
disappearance of the micellar clusters. Secondary aggregation was very re-
cently studied in details in metallosupramolecular PS-PEO micelles, as will be
discussed in Sect. 7.5 [48, 131, 132]. A cryo-TEM investigation has confirmed
that the large aggregates result from the clustering of the initial spherical
micelles [48]. Addition of small amounts of salt was also reducing the sec-
ondary aggregation for these copolymers [131]. Secondary aggregation was
also observed for PEO homopolymers, as shown by Burchard et al. [133]. It
was suggested that forces leading to clustering of PEO chains could involve
hydrogen bonding, the structure of water, and the hydrophobic effect. The
aggregated PEO chains were then thought to form either spherulites or non-
crystalline microgel particles.

Finally, the formation of crew-cut micelles with spherical and various
other morphologies was reported by Eisenberg and coworkers for PS-PEO
diblocks with a major PS block [134]. More information about crew-cut mi-
celles will be given in Sect. 6.

Nonionic hydrophilic PEO blocks have also been combined with a var-
iety of other hydrophobic blocks, including PI [135], poly(amino acids) [136],
aliphatic polyesters [137], etc. It is not possible to review all the published
works on these copolymers due to space limitations. We will therefore only
present a selected example.

Among PEO-containing amphiphilic copolymers, PEO-PCL copolymers
have attracted much interest because they are biocompatible and partly
biodegradable (for the PCL block) and they are thus ideal candidates for ap-
plication in, e.g., drug delivery. A typical example on the use of PCL-PEO
block copolymer micelles as delivery vehicles for drugs is found in the re-
cent work of Luo et al. [138]. The same group recently reported on the cellular
distribution of PCL-PEO micelles whose core had been labeled by a fluor-
escent dye. Confocal microscopy in living cells revealed the localization of
the fluorescent-labeled block copolymer micelles in several cytoplasmic or-
ganelles, including mitochondria, but not in the nucleus [139]. Moreover,
micelles changed the cellular distribution and increased the amount of a drug
delivered to the cell [139]. This study therefore emphasized the possibility for
PCL-PEO micelles to selectively deliver drugs to specific subcellular targets.

Water-soluble thermoresponsive PNIPAM and PMVE blocks have been as-
sociated to hydrophobic blocks [140, 141]. Micelles have been prepared in
water in which the hydrophobic core is surrounded by PMVE or PNIPAM
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coronal chains. Since both PNIPAM and PMVE blocks exhibit a LCST, the
coronal chains collapse upon increasing temperature and the micelles have
a tendency to form large colloidal aggregates. The initial micelles are usually
restored whenever the temperature is lowered below the LCST. This typi-
cal thermoresponsive behavior is illustrated in, e.g., the work of Tenhu and
coworkers on micelles formed in water by PS-PNIPAM and PtBMA-PNIPAM
copolymers [140].

4.2
Amphiphilic Block Copolymers with One Ionic Block in Aqueous Solution

Block copolymer micelles with a polyelectrolyte corona are a very important
class of colloidal particles in aqueous medium and are often referred to as
polyelectrolyte block copolymer micelles. The micellization behavior of these
charged micelles has been very recently reviewed by Riess [14] and Förster
et al. [15]. A brief overview of the topic will therefore be presented in what
follows. Amphiphilic block copolymers consisting of one hydrophobic block
linked to one ionic block will only be discussed in this section. Blocks copoly-
mers containing one hydrophilic block and one ionic block will be discussed
in Sect. 4.3.

The interest in these block copolymer micelles arises from the polyelec-
trolyte coronal block whose intrinsic properties are strongly influenced by
many parameters including pH, salt concentration, and polar interactions.
Moreover, they provide a unique model to mimic polyelectrolyte brushes at
a high segment concentration, as noted by Förster [15].

Typical examples of polyelectrolyte micelles have been reported for
“cationic” PS-P4VPQ and for other quaternized P2VP- or P4VP-containing
block copolymers by Selb and Gallot [142, 143]. Eisenberg et al. [144–147]
and Tuzar and coworkers [41, 148] have studied the PS-PAA and PS-MAA
systems in their acidic or neutralized “anionic” form. Typical polyelectrolyte
behavior was detected for these types of micelles.

Eisenberg and coworkers investigated highly asymmetric PS-PAA copoly-
mers with a long PS block and a very short PAA sequence [36]. These
compounds led to the so-called crew-cut micelles, as introduced in Sect. 2.3.
The morphology of the crew-cut micelles could be changed from spheres
to rods to vesicles and other complex micellar structures by decreasing the
PAA/PS ratio in the starting copolymer [28, 36], by adding salt [149, 150], or
by changing the initial nonselective solvent [38]. The underlying thermody-
namic and kinetic principles explaining the formation of such morphologies
were thoroughly discussed by the same authors [151]. Some of the intricate
morphologies observed for crew-cut micelles are shown in Fig. 7.

As exemplified above, most of the studies on anionic polyelectrolyte block
copolymer micelles have been carried out on P(M)AA-containing copoly-
mers. The ionization degree of these anionic blocks is strongly dependent on
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pH: at low pH, the P(M)AA sequence is in the acidic form, while at higher
pH it is partially or totally ionized. This feature could be a drawback for
some applications in which a pH-independent ionization behavior is desir-
able. This situation could be circumvented by the use of anionic polymers
derived from strong acids like PSS or PGMAS. PSS-containing block copoly-
mer micelles have been investigated by several groups including Guenoun
et al. [152, 153] and Förster and coworkers [154, 155]. PGMAS-containing mi-
celles have been scarcely studied. We have investigated the micellization of
PMMA-PGMAS and PtBMA-PGMAS copolymers in water [156]. Formation

Fig. 7 Some peculiar morphologies observed for “crew-cut” micelles. Baroclinic tubes (a).
Tube-walled vesicles (b). Large compound micelles; insert shows their internal structure
(c) and interconnected tubules or “plumber nightmare” (d) (images downloaded from
http://ottomaass.chem.mcgill.ca/groups/eisenberg/). Adapted from [35]
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of superaggregates of micelles was evidenced in these samples by a combina-
tion of DLS and size-exclusion chromatography experiments on the aqueous
micellar solutions. PMMA-PGMAS copolymers with a short PMMA block
were also recently adsorbed on hydrophobized mica surfaces in order to cre-
ate polyelectrolyte brushes showing remarkable lubrication properties upon
shearing in extreme confinement [157].

Besides the pioneering works of Selb and Gallot on cationic PS-P4VPQ
copolymers, more recent examples on cationic block copolymer micelles in-
clude the works of Armes et al. on various amino-containing poly(metha-
crylates) [158–161] with stimulus-responsive properties that were combined
together or with “classical” hydrophobic blocks. Some of these copolymers
could have interesting applications for pigment stabilization, as demonstrated
by Creutz et al. for copolymers containing PDMAEMA and other aminated
blocks [64, 65].

Dautzenberg et al. reported on an alternative method to produce cationic
amphiphilic block copolymers starting from a poly(vinylbenzyl) precursor
block, which was then converted into a cationic polyelectrolyte by reaction
with tertiary amines [162].

Some insight about the typical polyelectrolyte behavior of cationic block
copolymer micelles was recently obtained, as detailed in the review of
Förster [15]. Indeed, a recent cryo-TEM study on PB-P2VP micelles in which
the P2VP block was reacted with HCl revealed that the micellar PB core
was surrounded by a thin dark layer containing a high density of condensed
counterions, since the electronic contrast directly originated from the con-
centration of chlorine ions in this experiment. Furthermore thin filaments
consisting of protonated P2VP chain bundles were observed that extended
from the interior shell into the dilute outer part of the corona. Micelles were
connected by these filaments forming a random filament network (Fig. 8).

Fig. 8 Cryo-TEM image of aqueous PB-P2VPQ micelles showing filament network of
polyelectrolyte chain bundles. Scale bar is 50 nm. Reprinted with permission from [15].
Copyright (2004) Springer
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The formation of such structures was attributed to short-range attractive
forces arising from transient fluctuations in the periphery of the corona, lead-
ing at times to attractive interactions between micelles. These aggregated
states, i.e., strings and networks, were observed whenever the added salt con-
centration was increased. Further increase of salt concentration eventually led
to very large networks and macrophase separation into a dilute micellar phase
and a concentrated gel phase [15].

Ordered body-centered cubic structures were observed by shearing aque-
ous gels made from anionic PtBS-PMANa block copolymer micelles [163].
The emergence of the ordered gel state could be accounted for similar build-
ing up of a polyelectrolyte-based fibrillar network that can be oriented under
shear.

4.3
Double-Hydrophilic Block Copolymers in Aqueous Solution

AB block copolymers containing two water-soluble blocks are often referred
to as “double-hydrophilic” block copolymers. These copolymers have spurred
much interest in recent years because they can generally be transformed
into amphiphilic copolymers once an adequate stimulus is applied. In other
words, one of the hydrophilic water-soluble blocks can be transformed into
a hydrophobic block whenever a given property of the aqueous medium is
changed. Since these copolymers may contain one or two polyelectrolytic
blocks, the typical features of polyelectrolytes described in Sect. 4.2 should
also be considered for some double-hydrophilic block copolymers.

Double-hydrophilic block copolymers have been successfully used as sur-
face modifiers provided that one of the soluble blocks can specifically inter-
act with the surface through, e.g., hydrogen-bonding interactions. Double-
hydrophilic block copolymers have also been used as templates to control the
crystallization of inorganic salts. Double-hydrophilic block copolymers have
been recently reviewed by Cölfen [164]. In what follows, we will focus on the
stimulus-responsive properties of double-hydrophilic copolymers. Stimulus-
responsive block copolymers are based on polymer blocks whose water solu-
bility can be tuned by a variation in pH, temperature, or ionic strength of the
surrounding aqueous medium. Typical examples are copolymers containing
weak polyacid or polybasic blocks that can be changed from hydrophilic to
hydrophobic depending on their ionization degree, block copolymer micelles
that contain interpolyelectrolyte complexes as the core (Sect. 7.4) and that can
therefore be disassembled by screening electrostatic interactions and copoly-
mers containing blocks with a lower or upper critical solubility temperature.

An early illustration of pH-responsive micellization can be found in P2VP-
PEO copolymers that exist as unimers at pH < 5 and form micelles at higher
pH values, as demonstrated by Webber et al. [165]. Recently, we investigated
a P2VP-PEO copolymer with a larger P2VP block [166]. Although this copoly-
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mer precipitated out from the solution when it was totally deprotonated,
micellar structures were observed in a limited pH range located near the pKa
of P2VP. Moreover, a transition from spherical to rodlike micelles and finally
vesicles was observed for this sample as the deprotonation degree increased,
in agreement with the resulting changes in the hydrophilic/hydrophobic bal-
ance of the copolymer [166]. Giant vesicles with diameters of 5–10 µm were
also recently obtained by Förster et al. from PEO-P2VP copolymers [15].
These vesicles were stable down to pH 4.5, below which the P2VP block was
protonated and the vesicles dissolved.

Micellization for P2VP-PEO and P4VP-PEO copolymers has been in-
duced at low pH by the addition of noble-metal salts as shown by Sidorov
et al. [167, 168]. The driving force of such a micellization is the coordination
of vinylpyridine (VP) units with metal ions, which proceeds by different ba-
sic scenarios, depending on the type of metal compound and the pH of the
medium [167]. For instance, Pd2+ cations were directly coordinated with the
nitrogen atoms of the P2VP core-forming blocks, resulting in micellization
within 15 min. In the case of salts containing the noble metal in the anion
(e.g., Na2PdCl4), the interaction of micelles with metal salts took place due to
ligand exchange of chlorine for VP and the process required days to complete.
Micellization was also triggered by protonation of VP units with a metal-
containing acid (e.g., HAuCl4). Although the salt was immediately bound,
structural equilibration of the micelles demanded more time. Reduction of
the metal ions embedded in the P2VP-PEO and P4VP-PEO micelles finally
resulted in the formation of well-defined metal nanoparticles. In the case of
HAuCl4-filled P4VP-PEO micelles, the subsequent reduction with hydrazine
resulted in a significant fraction of rodlike micelles [168].

Another example of pH-driven aggregation is illustrated in double-
hydrophilic block copolymers based on ethylene oxide, EO, and (meth)acrylic
acid, (M)AA. At low pH, hydrogen bonds form between (M)AA and EO
that are further disrupted by an increase in pH due to the ionization of the
(M)AA units [169]. Micellization was observed for an asymmetric PMAA-
PEO diblock copolymer containing a major PEO block [170]. Intra- and
intermolecular hydrogen bonding between the PMAA blocks and PEO seg-
ments was thought to result into micellar core that were stabilized by a corona
formed by the excess of PEO segments. These micelles were disintegrated
whenever the surrounding pH was raised above 5 as a result of the ionization
of PMAA. Furthermore, these micelles showed a thermoresponsive behavior
related to the limited thermal stability of the PMAA-PEO hydrogen-bonded
complexes. The association behavior of linear and grafted copolymers based
on P(M)AA and PEO was also recently studied by Tenhu and coworkers,
but the composition of these copolymers was such that no well-defined mi-
celles with hydrogen-bonded cores were detected at low pH [171]. Aggregates
formed by double-hydrophilic copolymers based on PAA and hydroxyethyl-
cellulose were recently reported by Dou et al. [172]. In these copolymers,
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PAA chains were grafted on a hydroxyethylcellulose backbone and hydrogen-
bonding interactions between the two constituent blocks were reported,
resulting in the formation of hollow spheres at neutral pH.

Double-amphiphilic block copolymers have also been obtained from di-
block copolymers consisting of two different charged blocks. Diblock copoly-
mers containing positive and negatively charged blocks have been referred
to as polyampholytic systems. Interpolyelectrolyte complexes (IPECs) be-
tween the oppositely charged blocks are observed in these systems, which
can lead to insoluble material in aqueous solution. Asymmetric copolymers
with an excess of negative or positive charges can, however, give rise to water-
soluble micellar sytems, in which the micellar cores are formed by the insol-
uble IPECs, surrounded by a corona formed by the uncomplexed segments.
The first example of polyampholytic block copolymers has been reported
for P2VP-P(M)AA copolymers [173]. The authors showed that the isoelec-
tric point of these copolymers in water was controlled by the block length
ratio of the two oppositely charged blocks. PDMAEMA-PMAA copolymers
were also shown to behave as polyampholytic systems [174]. Since the ion-
ization degrees of both the PDMAEMA and PMAA blocks depend on pH, the
polyampholytic character is only observed in a restricted pH region in which
both the constituent blocks are partially or totally ionized. An analogous be-
havior was observed for the P2VP-P(M)AA copolymers. In the case of the
PDMAEMA-PMAA system, vesicular morphologies were observed around
pH = 9 for copolymers containing a major PMAA block. A cryo-TEM image

Fig. 9 Cryo-TEM picture of vesicles formed by the PMAA49-PDMAEMA11 ampholytic
copolymer in water at pH = 9. Reprinted with permission from [174]. Copyright (2000)
American Chemical Society
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of these vesicles is shown in Fig. 9. These vesicles are thought to consist of
an insoluble layer formed by PDMAEMA/PMAA IPECs stabilized by dangling
negatively charged PMAA segments. Similar PDMAEMA-PMAA copolymers
were also investigated by Cohen–Stuart et al. [175] and Armes and cowork-
ers [176]. The adsorption behavior of a series of PDMAEMA-PMAA copoly-
mers with various compositions and block lengths was investigated on silica
by Mahltig et al. as a function of pH and ionic strength [177–180]. Nano-
structured surfaces with various morphologies were obtained depending on
the ionization state of silica and on the micellar structure of the adsorbed
copolymer.

Polyampholytic copolymers containing a permanently charged block were
reported for P2VP-PSS [181] and P4VPQ-PMAA copolymers [182, 183]. The
complex solubility of P4VPQ-PMAA copolymers as a function of pH and
ionic strength was investigated, and a phase diagram was presented [182].

Interpolyelectrolyte complexation between various charged (co)polymers
or between charged double-hydrophilic copolymers and surfactants has been
used as a tool to generate well-defined micellar structures, as will be dis-
cussed in more detail in Sect. 7.4.

Another class of charged double-hydrophilic block copolymers is found in
diblock copolymers containing two charged blocks, both of them carrying the
same type of charge. This situation is exemplified by PSS-PSCNa copolymers,
which form micelles at low pH whenever the PSCNa block is protonated and
therefore less soluble than its ionized form [184]. Double-hydrophilic block
copolymers containing two basic blocks have also been studied, as reported
by Armes and coworkers for PDMAEMA-PDEAEMA copolymers [185] and
Gohy et al. for P2VP-PDMAEMA diblocks [186]. pH-induced micellization
was observed for these two types of block copolymers. However, the rela-
tively large difference between the pKas of the P2VP and PDMAEMA blocks
allowed the formation of three different association states in aqueous solu-
tion depending on pH: at low pH, both the P2VP and PDMAEMA blocks
were protonated and water-soluble; at intermediate pH, polyelectrolyte block
copolymer micelles were formed with an insoluble P2VP core and a posi-
tively charged PDMAEMA corona; at high pH, micelles were formed with
the same insoluble P2VP core and thermoresponsive uncharged PDMAEMA
coronal chains. The adsorption behavior of these micelles on silica was also
studied [187].

Selective betainization of the PDMAEMA block of PDMAEMA-PDEAEMA,
PDMAEMA-PDPAEMA, and PDMAEMA-PMEMA copolymers by propane-
sultone resulted in thermosensitive systems, as reported by Armes and
coworkers [160, 188].

Thermosensitive double-hydrophilic block copolymers micelles have been
reported essentially for systems containing blocks exhibiting a LCST in water
such as PMVE [189] or PNIPAM. These blocks have been generally associated
to PEO blocks. At temperatures below the LCST, both blocks are soluble and
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no aggregation is observed. At temperatures above the LCST, the thermosen-
sitive blocks turn hydrophobic and aggregation (micellization) takes place.
An early example of temperature-induced micellization has been reported for
PEOVE-PMOVE, which exhibited a multistage phase separation, as monitored
by turbidimetry measurements [190]. Another typical example of such a ther-
moresponsive system has been reported for micelles formed by PEO-PNIPAM
copolymers in water [191]. PMVE-PVA copolymers had a similar behavior, and
micellization was reported to occur near the cloud point of the PMVE block at
29 ◦C [192]. DLS, 1H NMR, and dye solubilization were used to monitor the
temperature-dependent micellization of PMVE-PMTEGVE copolymers in wa-
ter [193]. Unimers were detected below the LCST of the PMVE block, while
well-defined micelles and a few superaggregates were present above the LCST.
Moreover, the LCST values for the PMVE-based copolymers were strongly
influenced by the relative block lengths of the two blocks.

Recently, more complex thermoresponsive copolymers consisting of two
blocks with each presenting a LCST were investigated. In addition, these sys-
tems were sensitive to pH and ionic strength, paving the way to multirespon-
sive block copolymer micelles. In this respect, Armes and coworkers reported
on micelles based on PPO-PDEAEMA copolymers and exploited the differ-
ent pH dependencies of the LCSTs of both blocks [77]. This further allowed
the switching of the inside and outside blocks by combined pH and tempera-
ture stimuli, leading to so-called schizophrenic micelles. Another interesting
example was reported by Laschewsky and coworkers for block copolymers
combining blocks with either a LCST or a UCST [194]. In this case, the inside
and outside blocks of the micelles were changed by a simple thermal stimulus.

5
Rationalization of Micellar Structure: From Theory to Experiments

In Sects. 3 and 4, micellization in organic and aqueous media of various block
copolymers containing either hydrophobic or hydrophilic nonionic polymer
blocks or charged polyelectrolyte blocks has been reviewed. Spherical mi-
celles have been formed for the vast majority of these systems. One of the
major concern has been to evaluate how the characteristic dimensions of
these micelles, i.e., Rc, Rm, b and Z (see Sect. 2.3), varied with the composi-
tion of the starting copolymer, i.e., NA and NB in the case of an AB diblock
copolymer, with A being the core-forming insoluble block and B the corona-
forming soluble block. This key problem has been investigated for a long
time from both the theoretical and experimental points of view. Theories on
block copolymer micelles have been reviewed by several authors including
Tuzar [6], Hamley [2], Gast [195], and recently Linse [196] and Riess [14]. In
the present review, we will briefly summarize the main results obtained from
the theoretical investigations on block copolymer micelles. Theories on block
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copolymer micelles have also focused on the CMC, on the density profile and
the thickness of the core-corona interface, and on the encapsulation/release
of various species such as drugs or core-selective solvents. We will not discuss
these investigations in what follows. Information about these specific issues
can be found in the reviews of Hamley [2] and Riess [14].

Theories predicting how the characteristic size of block copolymer mi-
celles depends on the composition of the copolymer are based, on one hand,
on the scaling concepts derived from the Alexander–de Gennes theories, and,
on the other hand, on the mean field theories developed by Noolandi and
Hong [197], Leibler et al. [198], Nagarajan and Ganesh [199], and Hurter
et al. [200]. In addition to theory, computer simulations have also been car-
ried out on block copolymer micellar systems, as illustrated by the works of,
e.g., Binder and Müller [201, 202] and Mattice and Haliloglu [203]. For mi-
celles containing polyelectrolyte coronal blocks, specific theories have been
developed, as illustrated by the works of Marko and Rabin [204], Dan and Tir-
rell [205], and Shusharina et al. [206]. They predict a strong influence of the
polyelectrolyte blocks on the micellization behavior.

In scaling theories, Rc, Rm, and Z are directly correlated to NA and NB
for the investigated micelles. Two limiting cases have to be distinguished,
the starlike or hairy micelles with NA < NB and the crew-cut micelles with
NA > NB (Sect. 2.3).

Daoud and Cotton have developed a scaling model for hairy micelles and
have found that the micelle total radius, Rm, scales as N3/5

B Z1/5 [207]. Since
Z ∼ N4/5

A , Rm ∼ N4/25
A N3/5

B .
A similar scaling law was obtained by Halperin for a starlike micellar

model [208], which demonstrates the predominant contribution of the coro-
nal chains to the total micelle size.

For crew-cut micelles, Zhulina and Birshtein demonstrated that the depen-
dence of the micellar parameters on NB disappears and Rc scales as γ 1/3N2/3

A a
and Z ∼ γNA, where γ is the interfacial tension between the A and B blocks
and a is the segment length [209].

Scaling theories are restricted to long polymer chains in good solvents and
do not include finite chain effects and polymer-solvent interactions. These
models should be complemented by more detailed mean-field calculations
and molecular simulations.

Semianalytical mean-field theories of block copolymer micellization were
formulated by Noolandi et al. [197] and by Leibler et al. [198]. In the approach
of Noolandi et al., the micellar characteristics were obtained through a mini-
mization of the Gibbs free energy for an isolated micelle. This was applied to
PS-PB micelles, and the obtained theoretical values were in good agreement
with the experimental ones.

A further development in mean-field theories was achieved by Nagara-
jan and Ganesh [199]. These authors have shown that Rc ∼ N0.73

A N–0.17
B and
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Z ∼ N1.19
A N–0.51

B for PPO-PEO micelles in water. In contrast to previous re-
sults, Nagarajan and Ganesh demonstrated that the coronal B block can have
a strong influence on the micellar characteristic features such as Rc, especially
whenever the solvent is very good for the B block. By extending this concept,
Nagarajan and Ganesh could obtain “universal” correlations for Rc, Rm, and
Z as a function of NA, NB, the interaction parameter between the B block and
the solvent χBS, the interfacial tension between the A block and the solvent
γAS, and the molar volume of the solvent νs [199].

Monte Carlo simulations are additional methods for the study of block
copolymer micelles as reviewed by Binder and Müller [202] and by Shelley
and Shelley [210].

Extensive experimental characterization has been carried out by many
groups in order to determine how the characteristic dimensions of block
copolymer micelles depended on the composition of the starting copolymers.
TEM and SAXS were two of the mainly used methods for the determination
of Rc and Rm. These results have been rationalized by Förster et al., who
found that, in the case of uncharged block copolymers, the grafting distance
was depending on the soluble block length as b0Nβ/6

B with b0 ∼ 1 nm and
β ∼ 0.8, while Z was scaling as Z0N2

a N–β
B with Z0 ∼ 1 and β ∼ 0.8 [106, 211]. As

shown in Fig. 10, this equation successfully describes the micelles formed by
uncharged diblock- [212, 213], triblock- [214], graft- [215], and heteroarm-
star copolymers [216] in organic and aqueous solvents as well as for low
MW cationic, anionic, and nonionic surfactants [106, 216]. Nevertheless, this

Fig. 10 Aggregation numbers Z as function of degree of polymerization of insoluble
block for uncharged block copolymers. Open symbols: different diblock-, triblock-, graft-
, and star polymers. Filled symbols: low-MW surfactants. Reprinted with permission
from [211]. Copyright (2002) Wiley
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Fig. 11 Experimentally determined grafting distance b as function of degree of polymer-
ization of insoluble block for polyelectrolyte block copolymer micelles at different salt
concentrations: • salt free, ◦ 0.3 mol/l, � 1 mol/l. Reprinted with permission from [15].
Copyright (2004) Springer

equation failed to describe micelles containing highly charged polyelectrolyte
coronal blocks [15]. Indeed, the grafting distance was observed to scale as
b = b0N1/2

A , while the addition of salt decreases the value of Rm without affect-
ing the 1/2-slope (Fig. 11) [15].

Salt effects in polyelectrolyte block copolymer micelles are particularly
pronounced because the polyelectrolyte chains are closely assembled in the
micellar shell [217]. The situation is quite reminiscent of tethered polymer
brushes, to which polyelectrolyte block copolymer micelles have been com-
pared, as summarized in the review of Förster [15]. The analogy to polyelec-
trolyte brushes was investigated by Guenoun in the study of the behavior of
a free-standing film drawn from a PtBS-PSSNa-solution [218] and by Hari-
haran et al., who studied the absorbed layer thickness of PtBS-PSSNa block
copolymers onto latex particles [219, 220]. When the salt concentration ex-
ceeded a certain limit, a weak decrease in the layer thickness with increasing
salt concentration was observed. Similar results have been obtained by Tauer
et al. on electrosterically stabilized latex particles [221].

6
Control of Micellar Morphology

In previous sections, much emphasis has been put on block copolymer mi-
celles with a spherical morphology. It was shown in Sect. 5 that the char-
acteristic sizes of both the spherical core and corona of block copolymer
micelles can be precisely adjusted by essentially controlling the chemical na-
ture and the degree of polymerization of the constituent blocks. For several
applications of block copolymers micelles including, e.g., micellar templating



102 J.-F. Gohy

in nanotechnology, it would be highly desirable to control the morphology
of the micelles. For instance, one can be interested in synthesizing metallic
nanorods with controlled length and diameter from cylindrical block copoly-
mer micellar templates. It is thus not surprising that numerous research
efforts have been devoted to the preparation of block copolymer micelles with
various morphologies. Different strategies have been implemented as will be
illustrated in what follows.

Eisenberg and coworkers have pioneered the field of micellar morphology
control with the so-called “crew-cut” micelles. Generalities about the struc-
ture and preparation of crew-cut micelles have been described in Sects. 2.2,

Fig. 12 Spherical (a), rodlike (b), and vesicular (c) morphologies for crew-cut micelles
(images downloaded from http://ottomaass.chem.mcgill.ca/groups/eisenberg/). Adapted
from [35]
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2.3, and 4.2. These authors initially examined a series of PS-PAA copolymers
with a PS block of constant length (N = 200), while N of the short PAA block
was varied from 4 to 21. Transitions from spheres to rods to vesicles were
observed as the length of the PAA block was decreased (Fig. 12).

According to these authors, the morphology of a micelle basically depends
on three factors: (1) the stretching of the core-forming chains, (2) the core-
corona interfacial energy, and (3) the repulsion among coronal chains. These
three factors are directly related to the Gibbs free energy of the micelles, if it
were the enthalpic or entropic term.

A change in one of these three parameters directly affects the free en-
ergy of the micelles. In other words, the micelles could become thermo-
dynamically unstable and will modify their morphology in order to reach
another stable state. On the basis of these arguments, Eisenberg and cowork-
ers were able to explain morphological transitions occurring in series of
PS-PAA [28, 36] and PS-PEO copolymers [134]. The effect of the starting
nonselective solvent [38] and added salts [149, 150] during the micellization
process on the morphologies ultimately observed were also rationalized using
this simple approach [105]. The effect of the nonselective solvent on the
morphology of crew-cut micelles is illustrated in Fig. 13 for PS-PAA copoly-
mers. In addition to spheres, rods, and vesicles, other morphologies were
observed by Eisenberg et al. for crew-cut micelles, including tubules, inter-
connected tubules called plumber nightmare, single- or multiwalled vesicles,
hexagonally packed hollow hoops, large compound micelles whose cores con-
tained inverse micelles, etc. [105]. Some of these morphologies are shown
in Fig. 7.

Besides the effects of copolymer composition and preparation conditions
on the observed morphologies, copolymer polydispersity can also play an
important role for the formation and stabilization of some morphologies.
This effect is illustrated for crew-cut vesicles formed by PS-PAA copoly-
mers [222, 223]. In addition to the curvature energy, vesicles are characterized
by a lateral strain that arises from a mismatched number of molecules in
one side of the vesicular layer relative to the other. Actually, there are fewer
molecules in the inner side than in the outer side of the vesicular layer. For
low-MW amphiphiles, the stress resulting from this mismatch is relaxed by
a “flip-flop” mechanism of the amphiphiles from one side of the vesicular
layer to the other [224]. In the case of PS-PAA with a glassy wall, such a flip-
flop mechanism is only possible for a fluidized PS wall (e.g., by a selective
solvent). For a glassy PS wall, the stress can be minimized by segregating the
long chains to the outer side of the vesicular layer while the shorter chains will
preferentially localize to the inside of the vesicles. This effect has been exper-
imentally evidenced, as reported by Eisenberg and coworkers [222, 223, 225].

One of the drawbacks of crew-cut micelles is that they systematically re-
quire the use of a nonselective solvent for their preparation and they defi-
nitely represent out-of-equilibrium micelles once they have been transferred
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Fig. 13 Phase diagram of PS310-PAA52 in dioxane/water mixtures (A). Shaded regions
between sphere and rod phases and between rod and vesicle phases correspond to coex-
istence regions. Reversibility of vesicle formation and growth process for PS300-PAA44 as
function of THF/dioxane composition of nonselective solvent (B). Reprinted with permis-
sion from [239]. Copyright (2002) American Association for the Advancement of Science

in pure water. Micelles with rodlike or vesicular morphologies can, however,
be obtained by direct dissolution of a block copolymer in a selective solvent
for one of the blocks. In this respect, rodlike micelles were obtained by, e.g.,
Antonietti et al. [226], Liu and coworkers [227, 228], Möller et al. [114], and
Bates and coworkers [229] from coil–coil block copolymers.

Discher and coworkers have investigated the formation of micelles with
various morphologies by directly dissolving PEO-PB and PEO-PEB copoly-
mers in water [230–232]. These authors especially focused on the formation
of large unilamellar vesicles referred to as “polymersomes” [230]. Giant,
10-µm vesicles were prepared from these copolymers by extrusion techniques
and further characterized by single-vesicle micromanipulation. This allowed
the researchers to get a deep insight into the typical physical properties of
these vesicles including membrane viscosity, area elasticity measurements
of the interfacial tension, and electromechanical stability [231, 233]. Perme-
ation of water through the polymersome membranes has been measured
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to be considerably reduced compared to phospholipid membranes [230].
Spontaneous self-organization of block copolymers into vesicles has also
been reported recently for PEO-PPO-PEO copolymers with a large PPO mid-
block [234] and PMOXA-PDMS-PMOXA triblock copolymers terminated by
cross-linkable methacrylate groups [235]. In addition, tubular micelles were
very recently reported from similar PMOXA-PDMS-PMOXA triblock copoly-
mers [236]. Vesicles were also obtained from a pentablock copolymer com-
posed of PEO and PMPS blocks [237]. Interestingly enough, superhelical
structures can also be obtained from this PEO-PMPS copolymer (Fig. 14).
Furthermore, it was described that the aggregation behavior of this am-
phiphilic polymer can be tuned by dispersing it in water-THF mixtures.
Below water concentrations of 40% (v/v) no aggregates were found. TEM
demonstrated the presence of micellar rods in mixtures containing 40–80%
(v/v) water. In solvent mixtures containing more than 80% water, helices
with both left- and right-handed screw pitches were observed. The forma-
tion of the helical superstructure was ascribed to a cooperative process in
which the handedness of the initial PMPS segment(s) determine(s) the hand-
edness of the subsequent PMPS segments assembling in the same aggregate,
such that a chiral architecture is formed by hierarchical assembly of these

Fig. 14 TEM micrographs showing a vesicles, b, c micellar fibers, and d superhelices
from a PEO-PMPS block copolymer (the chemical structure of this copolymer is repre-
sented below the micrographs). Reprinted with permission from [238]. Copyright (2001)
American Chemical Society
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dynamic helical macromolecules [238]. Superhelical micellar structures have
also been observed for peptide-containing block copolymers, as discussed in
Sect. 7.1.

One unifying rule accounting for block copolymer micelle morphology has
been proposed by Discher and Eisenberg [239]. This rule should be consid-
ered for coil–coil block copolymer readily soluble in the selective solvent and
is expressed as a function of the mass fraction of the hydrophilic block to total
mass of the copolymer (fhydrophilic).

• Spherical micelles are observed for fhydrophilic > 45%.
• Rodlike micelles are observed for fhydrophilic < 50%.
• Vesicles are observed for fhydrophilic ∼ 35%.
• Inverted microstructures such as large compound micelles are observed

for fhydrophilic < 25%.

Sensitivity of these rules to the chemical composition and to the MW of the
copolymer chains has not yet been fully probed. According to previous ex-
perimental results, it seems that they can be applied for MWs ranging from
2700 to 20 000 g/mol.

Another possibility for triggering the formation of nonspherical micelles
is to use rod–coil copolymers. Rod–coil copolymers have been recently re-
viewed [240, 241] and have been essentially investigated in bulk. The interest
in rod–coil copolymers stems from the fact that the aggregation of the rigid
segments into (liquid-)crystalline domains competes with the phase separa-
tion between the blocks during the phase-separation process. Moreover, the
introduction of stiff segments results in an increase in the Flory–Huggins
parameters in comparison with coil–coil copolymers [242]. As a result, phase-
separated structures can be observed at lower total MW for rod–coil copoly-
mers than for coil–coil ones.

Rod–coil copolymers can form unprecendented bulk morphologies, as
illustrated by the work of Thomas, Ober, and coworkers on PHIC-PS copoly-
mers [243, 244]. Micelle formation from rod–coil copolymers seems therefore
to be a very promising route for the formation of nonspherical morphologies.

Jenekhe and Chen have studied PPQ-PS copolymers that were shown to
form spherical and tubular aggregates in the 1–50 mm range with a large hol-
low cavity [245]. These vesiclelike structures were formed in the presence of
a selective solvent of the rigid block. Large amounts of fullerenes C60 and C70
could be encapsulated in these structures [246]. Other examples of micellar
aggregates from rod–coil copolymers have been reported by Stupp et al. for
ABC oligomers [247], by Nolte et al. for PIC-PS diblocks [248], and by Müllen
and coworkers for poly(para-phenyleneethynylene)-PDMS oligomers [249].
The first two examples will be discussed in detail in Sects. 7.1 and 7.3. In
the example reported by Müllen and coworkers, micrometer-long fibrils con-
sisting of nanophase-separated ribbons formed by rod–coil oligomers were
observed.
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Fig. 15 TEM micrograph of “platelet” micelles from PS100-PEO2500 diblock copolymer
dissolved in methylcyclohexane. Total size of picture: 200×200 µm2. Reprinted with per-
mission from [14]. Copyright (2003) Elsevier

Block copolymer micelles in which the core-forming polymer blocks are
able to crystallize are relatively similar to rod–coil copolymers. A significant
part of these crystalline–core micelles is actually resulting from the self-
assembly of rod–coil block copolymers.

PEO blocks are good candidates for the formation of micelles with crystal-
lized cores, as demonstrated by Kovacs et al. [101] and then by Gast et al. [96].
These authors demonstrated that lamellar microcrystals or shish-kebab struc-
tures were formed by chain-folding crystallization of the PEO blocks in the
absence of water. These lamellar microcrystals, called “platelets” by Gast
et al., are typically formed by a central part of PEO, with a lamellar thickness
depending on the crystallization conditions, having on its surface a fringe of
PS blocks solubilized in organic solvent. A typical TEM micrograph of these
“platelets” is shown in Fig. 15. Similar morphologies were also observed more
recently by Reiter et al. [250]. Another example of crystallized cores is found
in micelles formed by polyferrocenylsilane (PFS)-based copolymers, as will
be discussed in Sect. 7.1 [251].

7
New Trends in Block Copolymer Micelles

Previous sections discussed the micellization behavior of AB or ABA linear
block copolymers. With the recent progress achieved in the field of controlled
polymerization techniques, more sophisticated block copolymer architec-
tures are now available. Investigation of the micellization behavior of such
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complex architectures has been conducted in recent years. In addition, new
strategies to trigger micellization have been developed. These approaches are
based on the use of noncovalent interactions, e.g., electrostatic interactions,
hydrogen bonding, and metal–ligand complexes, as a driving force toward
the aggregation of mutually interacting polymer segments. Whenever these
polymer segments are linked to other soluble noninteracting polymer blocks,
well-defined micelles can result from the self-association of the interacting
segments, which then become insoluble and aggregate into micellar cores sta-
bilized by the soluble noninteracting blocks. Typical examples are based on
the use of IPECs as core-forming entities. Furthermore, either the interacting
segments can be of a polymeric nature or one can be a polymer block while
the other is a low-MW molecule such as a surfactant.

According to these considerations, different systems have been explored up
to date including:

a. AB and ABA block copolymers with nonlinear structures, such as comb-
like copolymers, star-shaped copolymers, etc.

b. Functionalized block copolymers with typical structures like ABF or AFB,
where F is a functional group.

c. Linear ABC triblock copolymers.
d. “Hybrid” AB block copolymers containing a synthetic polymer block linked

to, e.g., an inorganic polymer, a synthetic or natural polypeptide, etc.
e. Micellization triggered by noncovalent interaction between mutually inter-

acting polymer blocks or between a polymer block and a low-MW molecule.
f. Supramolecular block copolymers containing a metal-ligand complex as

a linker between the blocks.
g. Micellization of amphiphilic graft copolymers that can have either a hy-

drophobic backbone and hydrophilic/ionic side chains or, inversely,
a hydrophilic/ionic backbone and hydrophobic side chains.

h. Micellization of amphipolar polymer brushes, i.e., with amphiphilic block
copolymer side chains, as illustrated by the works of Schmidt et al. on
P2VP-PS cylindrical brushes [252] and Müller and coworkers on PS-PAA
and PnBA-PAA brushes [15].

Some of these novel types of micellar systems have been reviewed by
Riess [14] and by Förster et al. [15]. In this review, we will focus on points c,
d, e, and f.

7.1
Micellization of “Hybrid” AB Block Copolymers

In this section, we would like to briefly describe the micellization behavior
of “hybrid” AB copolymers, leading to remarkable structures with new po-
tential applications. By “hybrid” AB block copolymers we mean copolymers
in which at least one of the constituent blocks is not a “classical” poly-
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mer such as a polyolefine, a polyelectrolyte, a poly(oxyalkylene), etc., but
rather a highly rigid oligomer, a synthetic or natural polypeptide, a metal-
containing polymer, etc. Such systems have been recently prepared and have
raised much interest because of their potential application either in nano-
technology or in bio-related systems. In what follows, we would like to em-
phasize two distinct types of “hybrid” systems: those based on amphiphilic
copolymers formed from polyferrocene-containing blocks and those formed
from polypeptide-containing copolymers.

Polyferrocene-containing block copolymers have been extensively studied
by Manners and coworkers, and their micellization behavior has been exam-
ined in collaboration with Winnik’s group [251, 253–260]. Wormlike micelles
were prepared in hexane from a PFS-PDMS copolymer with a major PDMS
block (PFS/PDMS block ratio 1 : 6), while hollow nanotubes resulted from the
self-assembly of a similar PFS-PDMS copolymer but with a PFS/PDMS ratio
1 : 13. Flowerlike superstructures were also obtained from a PFS-PDMS-PFS
triblock copolymer in hexane. Since the PFS block contains iron atoms, it was
possible to directly visualize these micelles by TEM. It was shown that the re-
sulting micelles consisted of a PFS core surrounded by a PDMS corona and
that they were highly flexible. Crystallization of the PFS block was shown to
be the driving force for the formation of rodlike structures. Whenever the
micelles were prepared above the Tm of the PFS block, spherical micelles
were observed. PFS blocks were recently connected to water-soluble PEO or
PDMAEMA blocks and aqueous micelles were accordingly prepared. PFS-
PDMS micelles consist of a potentially conducting PFS core surrounded by
a PDMS insulating corona and are thus interesting candidates for the forma-
tion of semiconducting nanowires. These micelles can also be used as etching
resists for semiconducting substrates, such as GaAs or Si, and can be further
transformed to magnetic or semiconducting nanoscopic patterns. In this re-
spect, cylindrical PFS-PDMS micelles have been positioned on the surface of
a GaAs resist by capillary forces along grooves, which had been formed from
electron-beam etching of the surface [254, 255]. Connected ceramic lines can
be further obtained by subsequent treatment of the surface with hydrogen
plasma. Lines less than 10 nm wide and more than 500 nm long were obtained
using this approach [254].

Rod–coil copolymers are good candidates for the formation of rodlike
or vesicular structures and can be built from polypeptide-block-containing
copolymers, as previously discussed in Sect. 6.

Block copolymers containing an α-helical polypeptide block and a second
coil-forming synthetic polymer block have been investigated for a long time,
as reviewed by Lecommandoux and Klok [241]. Although most of these previ-
ous studies focused on the bulk morphology of such copolymers, micellization
has been more recently reported for these systems. Indeed, Lecommandoux
et al. prepared pH-sensitive vesicles from a PB-PGANa copolymer [261]. Ag-
gregation in PEO-polypeptide block copolymers has been studied by Klok
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et al. [262]. Polypeptide blocks exhibit specific transitions such as PBLG,
which undergoes a transition from a rodlike α-helical secondary structure to
a random coil conformation under specific solvent conditions. Indeed, PBLG
adopts a rodlike conformation in dioxane while it forms random coils in
dioxane/trifluoroacetic acid (80/20 v/v). This transition was recently studied
in bulk by SANS for PS-PBLG copolymers in which the PS block was selec-
tively deuterated [263]. This conformational transition resulted in a topological
change from a rod–coil to a coil–coil type structure. Such a conformational
transition could be avantageneously used to control micellar characteristic
features and to synthesize new types of stimulus-responsive materials.

Fig. 16 TEM pictures of helical superstructures from PS-PIC copolymers in water. The
chemical structure and composition of the corresponding copolymers are indicated below
the pictures. Reprinted with permission from [238]. Copyright (2001) American Chemical
Society
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Fig. 17 Formation of rodlike micelles with diameter of 25 nm from self-assembly of a pro-
tein (lipase enzyme)-polymer (PS) hybrid in THF. Reprinted with permission from [264].
Copyright (2003) American Chemical Society

Nolte and coworkers reported on the formation of micelles with a helical
superstructure from AB amphiphilic diblock copolymers prepared from an
amine-end-capped polystyrene that was used as the initiator for the polymer-
ization of various dipeptide-derived isocyanides (Fig. 16).

These authors found that the helical screw pitch of the poly(isocyanide),
PIC, depended on the investigated sample. Rods, vesicles, and bilayer frag-
ments were observed, depending on the investigated copolymers [248]. Heli-
cal superstructures were also observed, as illustrated in Fig. 16. Interestingly
enough, the handedness of the superhelices had been reversed with respect to
that of the polyisocyanide helices in the constituent block copolymers [248].
Although the precise mechanism of formation of these superstructures is still
unclear, a hierarchical organization is evident since transfer of chirality takes
place from the amino acid in the monomer to the secondary helical structure
of the polyisocyanide blocks and, ultimately upon assembly, to the helical
superstructure.

The same research group recently carried out the synthesis of other “hy-
brid” copolymers in which hydrophobic PS chains had been covalently linked
to natural polypeptides such as a lipase enzyme [264]. The resulting biohy-
brid has been referred to as a giant amphiphile and forms catalytic micellar
rods in water, as shown in Fig. 17.

7.2
Centrosymmetric Micelles from ABC Triblock Copolymers

The vast majority of block copolymer micelles has been constructed from AB
diblock copolymers. However, ABC triblock copolymers have attracted a great
deal of interest due to the huge number of different morphologies that have
been observed so far in bulk and because the introduction of a third block may
introduce interesting new functionalities. Although many investigations have
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been performed on bulk ABC triblock copolymers [265], these copolymers
have been scarcely used for the preparation of block copolymer micelles.

In what follows, we will discriminate between two types of ABC triblock
micelles: (1) those in which two blocks are insoluble in the considered solvent
and then contain a compartmentalized core and a homogenous corona; (2)
those in which only one block is insoluble and whose corona is heterogeneous
due to the presence of two types of coronal blocks.

Micelles of type (1) were the first investigated examples of ABC triblock
copolymer micelles. These micelles are generally characterized by the so-
called “onion,” “three-layer,” or “core-shell-corona” structures, i.e., the first
insoluble A block forms the micellar core, the second insoluble B block is
wrapped around the core, and the third soluble C block extends in the so-
lution to form the micellar corona (Fig. 18). To the best of our knowledge,
there are no known examples of ABC block copolymer micelles with A and
C insoluble blocks and a B soluble block.

Core-shell-corona micelles were formed by PEHA-PMMA-PAA triblock
copolymers in water, as demonstrated by Kriz et al. [266]. Ishizone et al. [267]
synthesized ABC triblock copolymers containing 2-(perfluorobutyl)ethyl
methacrylate, tBMA, and 2-(trimethylsilyloxy) ethyl methacrylate with vari-
ous block sequences. These copolymers were converted into amphiphilic sys-

Fig. 18 Schematical representation of different types of micelles formed by ABC triblock
copolymers. Core-shell-corona micelles with insoluble core and shell (a), core-shell-
corona micelles with radially compartmentalized corona (b), and Janus micelles with
laterally compartmentalized corona (c)
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tems after removal of the trimethylsilyl protecting group and the formation
of triblock copolymer micelles was evidenced by 1H NMR measurements.

Onionlike micelles were prepared by Prochazka et al. [268] by mixing
PtBA-P2VP micelles to P2VP-PEO chains in acidic water. At pH below 4.8,
the PtBA-P2VP micelles consisted of a PtBA core surrounded by a protonated
P2VP corona, while PEO-P2VP chains behaved as double-hydrophilic copoly-
mers and thus existed as unimers. When the pH of the solution was raised
above 4.8, insolubilization of the P2VP chains occurred. This process led to
a coprecipitation of the P2VP chains from both the PtBA-P2VP micelles and
the P2VP-PEO chains, which resulted in composite micelles with a PtBA core,
a collapsed P2VP shell, and a PEO corona.

Similar onion type micelles were obtained by the combination of PS-P2VP
heteroarm-star copolymers with a P2VP-PEO diblock copolymer, as reported
recently by Tsitsilianis et al. [269].

Crew-cut micelles were prepared from PS-PMMA-PAA triblock copoly-
mers with a large PS block [270]. The morphology of these micelles was found
to be dependent on the starting nonselective solvent (dioxane, THF, or DMF),
as discussed previously in Sect. 6.

Core-shell-corona micelles with a stimulus-sensitive shell were also re-
cently obtained. We reported on micelles formed by PS-P2VP-PEO triblock
copolymers in water [46, 47]. These micelles consisted of a PS core, a pH-
responsive P2VP shell, and a PEO corona. At pH values above 5, the P2VP
blocks were hydrophobic and collapsed on the PS core, while at pH values be-
low 5, they were protonated and adopted a stretched conformation because
of the mutual electrostatic repulsions. These two micellar states have been
characterized by DLS and visualized by TEM and AFM (Fig. 3) for spherical
PS-P2VP-PEO micelles. Moreover, the transition between the two types of mi-
celles was entirely reversible and could be repeated many times. Interestingly
enough, cylindrical micelles could be prepared from the same PS-P2VP-PEO
copolymers using a mixture of toluene and DMF as the initial solvent before
the addition of water [271, 272]. Core-shell-corona micelles were also formed,
but the P2VP chains in the tubular shell were found to be in a stretched con-
formation whatever the pH. Similar PS-P2VP-PEO micelles were also recently
studied by Prochazka et al., who evidenced the formation of clusters of mi-
celles by FCS [273]. The pH-responsive P2VP shell was also used as template
for the production of gold nanoparticles [47] and could be complexed with
low-MW anionic surfactants [274]. PB-P2VP-PEO copolymers have also been
investigated by Riess et al. and used as stabilizers for pigment particles in
aqueous media [14].

Temperature- and pH-sensitive core-shell-corona micelles were also re-
cently reported by Armes et al. Moreover, the shell of these CSC micelles could
be selectively cross-linked [275].

pH-responsive micelles from PS-P2(4)VP-PMAA triblock copolymers were
prepared by Giebeler et al. [276]. These authors investigated the polyelec-
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trolyte complex formation in these micelles by potentiometric, conductomet-
ric, and turbidimetric titrations of acidic THF/water solutions. The formation
of an IPEC at the isoelectric point was evidenced in which most likely the
hydrophobic PS cores are embedded in a mixed corona of the two polyelec-
trolyte blocks.

Stimulus-responsive ABC triblock micelles were also investigated by
Patrickios et al. for copolymers containing insoluble PEVE blocks, thermore-
sponsive PMVE midblocks, and water-soluble PMTEGVE outer blocks with
varying block sequences [277]. While in aqueous solutions only unimers were
found, and the addition of salt led to aggregates.

For some applications, it is desirable to lock the micellar structure by cross-
linking one of the micellar compartments, as discussed previously in Sect. 2.6.
Cross-linked core-shell-corona micelles have been prepared and investigated
by several groups as illustrated by the work of Wooley and Ma [278], who
reported the cross-linking of PS-PMA-PAA micelles in aqueous solution by
amidation of the PAA shell. Very recently, Wooley et al. prepared toroidal
block copolymer micelles from similar PS-PMA-PAA copolymers dissolved in
a mixture of water, THF, and 2,2-(ethylenedioxy)diethylamine [279]. Under
optimized conditions, the toroidal phase was the predominant structure of
the amphiphilic triblock copolymer (Fig. 19). The collapse of the negatively
charged cylindrical micelles into toroids was found to be driven by the divalent
2,2-(ethylenedioxy)diethylamine cation.

Liu and coworkers have investigated PI-PCEMA-PtBA triblock copoly-
mers in which the central PCEMA block was cross-linked by UV irradi-

Fig. 19 TEM image of toroidal micelles from a PAA-PMA-PS triblock copolymer (A). This
sample was cast from a solution with 0.1 wt % PAA99-PMA73-PS66 triblock copolymer,
a THF : water volume ratio of 1 : 2, and an amine : acid molar ratio of 0.5 : 1 by addition
of 2,2-(ethylenedioxy)diethylamine. The cast film was negatively stained with uranyl ac-
etate. A schematical representation of theses micelles is also shown (B). Reprinted with
permission from [279]. Copyright (2004) American Association for the Advancement of
Science
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ation [280, 281]. In a further step, hollow nanospheres and nanotubes were
obtained by ozonolysis of the PI micellar core. Armes et al. cross-linked
by a difunctional alkyl iodide the central shell of micelles formed by PEO-
PDMAEMA-PDEAEMA and PEO-PDMAEMA-PBAEMA ABC triblock co-
polymers [282].

The micellization of ABC triblock copolymers with a starlike architecture
has been reported by Dumas et al., who have studied the micellization of
a PS-PMMA-PEO star copolymer in water [283]. Very recently, multicompart-
ment micelles in dilute aqueous solution were reported for miktoarm ABC
triblock copolymers containing PEO, hydrogenated PB, and perfluorinated
polyether blocks [284]. Because of the miktoarm architecture of the copoly-
mers, the two incompatible hydrophobic blocks were forced to make contact
with the PEO coronal chains. The resulting micellar structures were shown to
depend on the relative lengths of the blocks and could be tuned from discrete
multicompartment micelles to extended wormlike structures with segmented
cores. The wormlike structures were shown to result from the uniaxial clus-
tering of discrete micelles. In this peculiar morphology, the different cores are
able to share their PEO coronas, thus protecting them from the highly unfa-
vorable exposure to water. A cryo-TEM image of such wormlike structures is
shown in Fig. 20.

As introduced previously, type 2 ABC triblock copolymer micelles are
formed by triblock copolymers containing an insoluble A block while the B
and C blocks are soluble in the considered solvent. The insoluble blocks can
be located either between the two soluble blocks (BAC structure) or at one
end of the triblock (ABC or ACB structures). Micelles of the latter type were
discussed above for, e.g., PS-P2VP-PEO pH-responsive micelles and are in-
deed considered as “core-shell-corona,” “onion,” or “three-layer” structures
since the heterogeneity in the micellar corona is observed in the radial direc-
tion (Fig. 18). Micelles formed by BAC triblock copolymers are different from
the previous case because they can give rise in principle to a heterogenous
corona in the lateral dimension (Fig. 18). This could induce the formation of
noncentrosymmetric micelles as discussed in Sect. 7.3.

Early examples of micelles formed by BAC triblock copolymers have been
reported by Patrickios and coworkers, who studied the formation of micelles
from polyampholytic PDMAEMA-PMMA-PMAA and PDMAEMA-poly(2-
phenylethylmethacrylate)-PMAA copolymers as a function of pH [285–287].

Micelles from PS-P2VP-PMMA triblock copolymers dissolved in toluene
were reported by Tsitsilianis and Sfika [288]. Since the organic solvent was
selective for both the PS and PMMA blocks, these authors observed the for-
mation of spherical micelles with a dense P2VP core, surrounded by PS and
PMMA chains in the corona. It was shown that Z and the micellar size were
strongly influenced by the length of the P2VP middle block.

Polyampholytic micelles from PDMAI-PS-PMAA triblock copolymers
were reported by Bieringer et al. [289]. Investigations on the pH-dependent
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Fig. 20 Cryo-TEM image of isolated micelles and segmented rods made from miktoarm
ABC block copolymers containing PEO, PB and perfluorinated polyether blocks (scale bar
is 50 nm). A schematic representation of the stacking of block copolymer chains in seg-
mented worms is also shown. Reprinted with permission from [284]. Copyright (2004)
American Association for the Advancement of Science

solution properties of these micelles had to be performed in THF/water mix-
tures due to solubility problems in pure water. Vesicles were reported for this
system. Under acidic conditions both PDMAI and PMAA blocks are soluble
and the insoluble core of the vesicles is formed by the PS block, while in ba-
sic conditions both PS and PDMAI blocks are insoluble and the deprotonated
PMAA block keeps the vesicular structure in solution.

7.3
Noncentrosymmetric Micelles from ABC Triblock Copolymers

ABC triblock copolymers have recently proven to be useful in constructing
the so-called “three-layer,” “onion,” or “core-shell-corona” micelles, as de-
scribed in Sect. 7.2. These micelles are characterized by a centrosymmetric
structure and a micellar core with two different concentric compartments.
Noncentrosymmetric structures from ABC triblock copolymers blended with
AC diblocks have, however, been reported in bulk by Goldacker et al. [290].

It was recently demonstrated that noncentrosymmetric micelles can also
be obtained from ABC triblock copolymers. This is illustrated by the pio-
neering work of Stupp and coworkers, who synthesized a “miniaturized” ABC
triblock containing PS and PI oligomeric block linked to a third rodlike block
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formed by biphenyl esters and completed by a phenolic residue [247]. Inter-
estingly enough, these copolymers self-assemble into nanostructures highly
regular in size and shape that can be regarded as micelles whenever they
are dispersed in a selective solvent for the PS and/or PI block. These nano-
structures are characterized by a mushroom shape, which is thought to re-
sult from the frustrated crystallization of the rod–coil blocks. Repulsive forces
among the PI and PS segments with large molecular cross section are pos-
sibly at the origin of the frustrated crystallization and, in turn, of the finite
nature of these mushrooms. The mushroom micelles are thus character-
ized by a noncentrosymmetric structure with a hydrophilic mushroom foot
due to the phenolic residues and a hydrophobic mushroom cap (PS chains).
These micelles were found to further self-assemble into 100 or more macro-
scopic layers stacked in polar arrangement, exhibiting typical properties of
noncentrosymmetric materials such as a significant second-harmonic gener-
ation [247, 291, 292].

A very recent example of noncentrosymmetric micelles has been reported
for the so-called “Janus” micelles by Erhardt et al. [293]. The Janus micelles
consist of a cross-linked core surrounded by two different coronal hemi-
spheres. These micelles were obtained from dissolution of the bulk morph-
ology of a PS-PB-PMMA triblock copolymer in which the central PB minor
block forms spheres at the interface between PS and PMMA lamellae. After
stabilization of the bulk structure by cross-linking of the PB spheres, Janus
micelles with a PB core surrounded by PS and PMMA half coronas were ob-
tained by dissolution of the bulk material in THF, a good solvent for both the
PS and PMMA chains (Fig. 21) [293]. These Janus micelles showed a strong
tendency to form larger aggregates with a narrow size polydispersity and
that can be regarded as supermicelles. The supermicelles coexist with single
Janus micelles, as evidenced by various morphological observations real-
ized both in THF solution and on silicon and water surfaces [293, 294]. The
hydrophobic/hydrophilic contrast in the Janus micelles can be strongly en-
hanced by the hydrolysis of the PMMA chains resulting in PMAA hydrophilic
blocks (Fig. 21) [55]. The resulting micelles can then be gradually transferred
in pure water starting from a 1,4-dioxane solution. However, the hydropho-
bic PS hemicorona collapses on the PB core and the whole insoluble part
is then fully or partially surrounded by the PMAA chains. Aggregation into
supermicelles is of course extremely favorable in this case, as proven by a var-
iety of techniques [55]. The formation of aggregates of supermicelles was also
evidenced from these investigations. A typical SEM picture showing supermi-
celles and their aggregates is shown in Fig. 21.

The influence of pH on PS-PB-PMAA Janus micelles was also investigated.
At high pH, Rh of the supermicelles is larger than for acidic conditions,
as a result of the ionization of the PMAA chains leading to their stretch-
ing [55]. Janus micelles have also been preliminarily investigated by Saito
et al. [295].
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Fig. 21 Formation of Janus micelles from PS-PB-PMMA copolymers. The copolymers are
transformed into PS-PB-PMAA copolymers after hydrolysis of PMMA block. PS coronal
blocks collapse in water and supermicelles are formed. A typical SEM picture of su-
permicelles is shown. Reprinted with permission from [55]. Copyright (2003) American
Chemical Society

7.4
Micelles with Noncovalent Complexes in the Core

Up to now, we have considered the micellization behavior of isolated block
copolymer chains. It has been, however, demonstrated that micellization
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can be induced by complexation of one of the constituent blocks of the
copolymer with other macromolecules or low-MW molecules. This strategy
was briefly introduced in Sect. 4.3, where stimulus-responsive micellization
driven by intramolecular noncovalent interactions between the constituent
blocks of double-hydrophilic copolymers was discussed. This was illustrated
by polyampholytic diblock copolymers containing at the same time positively
and negatively charged blocks, leading to the formation of a water-insoluble
IPEC. In some cases, the IPEC could self-assemble into micellar cores sta-
bilized in aqueous solution by uncomplexed charged segments. Since the
ionization degrees of both the cationic and anionic blocks were dependent on
pH, stimulus-responsive systems could be built from these copolymers [174,
175].

Similar IPEC-based aqueous micelles can be obtained from the mixing
of a double-hydrophilic copolymer AB with a homopolymer C or a diblock
copolymer AC or a diblock copolymer DC, provided that IPECs can form be-
tween the B and C blocks. This kind of electrostatic complex has also been
referred to as “block ionomer complexes,” or BIC.

The AB + C case is illustrated by the works of Kabanov et al. [296], who
investigated mixtures of PEO-PMANa with P4VPQ, of Gohy et al. on the pH-
dependent complexation of P2VP-PEO with PSS [297, 298], and of Kataoka
and coworkers on PEO-PAspA/chicken egg white lysozyme mixtures [299,
300]. In all these studies, the resulting micelles contained an IPEC core and
a PEO corona.

IPEC-based micelles in aqueous solutions have also been reported from
AB + AC mixtures, as illustrated by the works of Kataoka and Harada [301,
302], who have shown that water-soluble IPECs were formed by the combina-
tion of PEO-PLL and PEO-PAspA. These authors have further demonstrated
that IPEC micelles prepared under charge-neutralized conditions have an ex-
tremely narrow size distribution if matched pairs of copolymers with the
same block lengths of polyanions and polycations are combined [302]. Gohy
et al. reported on mixtures of P2VP-PEO and PMAA-PEO copolymers [170].
IPEC formation was observed in a limited range of pH in which both the
PMAA and P2VP blocks were ionized. The IPEC cores formed through
electrostatic interaction between the ionized PMAA and P2VP blocks were
surrounded by a PEO corona. When the pH of the aqueous medium was
decreased, the PMAA and P2VP blocks were essentially observed in their pro-
tonized form. The PMAA/P2VP interaction was therefore suppressed at low
pH at the expense of hydrogen bonding in the PMAA/PEO pair, as previously
discussed in Sect. 4.3. As a result, micelles were formed by the PMAA-PEO
diblock while the protonated P2VP-PEO chains existed as unimers. In add-
ition, a thermoresponsive behavior was observed for the hydrogen-bonded
PMAA-PEO micelles [170]. Above 45 ◦C, the hydrogen-bonded PMAA/PEO
complexes were disrupted while the cloud point of the PMAA block was
reached, resulting in stable colloidal particles. Moreover, the temperature ef-



120 J.-F. Gohy

fect was found to be entirely reversible. At higher pH, the P2VP blocks were
deprotonated and hydrophobic while the PMAA blocks were essentially ion-
ized in the form of PMANa. As a result, PMANa-PEO chains were observed
as unimers while P2VP-PEO chains aggregated into micelles. In conclusion,
the PMAA-PEO/P2VP-PEO mixture resulted in a multiresponsive (pH, tem-
perature, and ionic strength for IPEC core) micellar system based on various
noncovalent interactions.

IPEC-containing micelles based on double-hydrophilic cationic block
copolymers, such as PLL [303–306], PEI [307], or PDMAEMA [308] in combi-
nation with PEO, have been examined for the complexation of oligonucleotides
in order to provide new pharmaceutical forms for gene therapy [309].

Hydrogen-bonded complexes between mutually interacting polymer
blocks can be used instead of IPEC for the formation of micelles with a com-
plexed core. In this case, the complexation is generally realized in aprotic
organic solvents in order to avoid competitive hydrogen bonding with the
solvent. This is illustrated by the work of Liu and coworkers on micelles
formed by mixing a PS-PMMA copolymer and a poly(styrene-co-[p-(2,2,2-
trifluoro-1-hydroxy-1-trifluoromethyl)ethyl-methylstyrene]), PSOH, random
copolymer in toluene [310]. Stable micelles with hydrogen-bonded cores
made of insoluble PMMA/PSOH complexes and soluble PS shells were ob-
served as long as the p-(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl)ethyl-
methylstyrene content of PSOH was higher than 8 mol %.

IPEC or hydrogen-bonded complexation between the B and C blocks of
AB and CD copolymers is a very promising route for the formation of com-
plex micellar structures with compartmentalized corona. Noncentrosymmet-
ric “Janus”-like micelles could in principle be obtained using this strategy.
Recently, Schlaad and coworkers investigated an AB + CD system formed by
PS-PMACs and PB-P4VPQ copolymers in THF [311]. However, this resulted
in the formation of centrosymmetric vesicles with a vesicular layer formed
by a PMACs/P4VPQ IPEC while the incompatibility between the two types of
coronal chains resulted in an outer PS corona and an inner PB one (Fig. 22).
It should also be noted that vesicles were prepared from a mixture of PS-PAA
and PS-P4VP diblock copolymers [225]. In this case, micelle formation was
not driven by IPEC formation between the PAA and P4VP blocks because mi-
cellization was carried out at low pH where the PAA blocks are protonized
and the P4VP chains are positively charged. The vesicular layer was thus
formed by PS chains coming from both copolymers while the PAA blocks
were segregated into the inside of the vesicles and the outside corona of the
vesicles consisted of P4VP chains. This segregation occurred because the PAA
chains were much shorter than the P4VP chains and stabilized the curva-
ture (Sect. 6). Electrostatic repulsion between charged P4VP blocks were also
minimized.

In a very recent study, Gohy et al. reported on hydrogen-bonded com-
plexed cores obtained in DMF through the interaction of a PS-P2VP-
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Fig. 22 Formation of vesicles with distinct inner (PB) and outer (PS) coronal blocks from
a mixture of PS-P4VPQ and PB-PMACs copolymers. Vesicles are stained with CsI in the
TEM pictures. TEM picture B is a magnification of the framed area in A. Reprinted with
permission from [311]. Copyright (2003) American Chemical Society

PEO triblock copolymer with a tapered triblock copolymer consisting of
a central PAA block and two outer comblike blocks containing short PEO
branches [312]. Hydrogen bonding was observed between the P2VP and PAA
blocks resulting in micellar cores while three types of coronal chains coex-
isted: linear PS and PEO chains and comblike PEO. Segregation was observed
between the comblike PEO and the other coronal chains. Whenever the PS-
P2VP-PEO triblock was complexed with a PAA homopolymer, no segregation
in the corona was observed.

IPEC or hydrogen-bonded complexes may form not only between mu-
tually interacting polymer blocks but also between a polymer block and
low-MW molecules. Complexes between surfactants and block copolymers
have been investigated for the formation of micelles. As illustrated by the
work of Ikkala and coworkers [313], one of the major interests of these
systems is that they combine two different-length scales of supramolecular or-
ganizations, i.e., the nanometer-scale organization of the (liquid) crystalline
surfactant molecules and the ten-nanometer scale relative to block copoly-
mers. This gives rise to the so-called hierarchical systems. The field of (block)
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(co)polymer/surfactant complexes has become an area of intense research,
and it will not be possible to review it here.

Electrostatic complexes between polyelectrolytes and mutually interacting
surfactants were recently reviewed by Chu and Zhou [314]. Selected exam-
ples related to block copolymer micelles will be briefly outlined in what
follows. Water-soluble surfactant-block copolymer complexes were reported
by Eisenberg et al. for PEO-PMANa/cationic surfactant mixtures [315, 316].
This resulted in the formation of vesicles in water with PMANa/cationic-
surfactant-insoluble vesicular layers surrounded by PEO coronal chains. The
characteristic features of the complexes were found to be strongly depen-
dent on the PMANa-cationic surfactant stoichiometry, the more dense and
defined structures being observed whenever all the MANa units interacted
with one surfactant molecule. In a recent study, Kabanov and coworkers
used the same PEO-PMANa copolymers with a reactive single-tail surfactant,
isothiuroniumethyl-hexadecyldimethylammonium bromide (C16SU), which
dimerizes upon cleavage of isothiuronium group at elevated temperatures or
basic pH. This allowed for the reactive stabilization of vesicles from C16SU
cations assembled on the anionic PEO-b-PMANa template [317]. We recently
obtained larger vesicles while complexing a PEO-P2VPQ copolymer with neg-
atively charged fluorinated surfactants [318].

Block copolymer/low-MW-molecule complexes were also examined in or-
ganic solvents, as recently exemplified by the works of Jiang and cowork-
ers [319, 320]. These authors investigated mixtures of PS-P4VP copolymers
with various low-MW molecules including perfluorooctanoic acid and formic
acid. Such molecules are expected to form hydrogen-bonded complexes with
4VP units in organic solvents such as chloroform. This further resulted in the
formation of vesicles.

Finally, micellization can also be triggered by other types of noncovalent
interactions besides electrostatic complexation or hydrogen bonding. In this
respect, metal–ligand coordination has proven to be an effective noncovalent
interaction for promoting micellization, as illustrated by the works of Sidorov
et al. [167, 168] on P4VP-PEO and P2VP-PEO copolymers, in which micel-
lization at low pH could be promoted by metal–ligand complexation. These
systems were described in Sect. 4.3.

7.5
Metallosupramolecular Micelles

Terpyridine ligands are known to form mono- and bis-complexes with a wide
variety of transition metal ions [321]. The stability constants and the kinet-
ics of formation of these different complexes strongly depend on the nature
of the used metal ions [322]. In this respect, RuIII is known to form a very sta-
ble mono-complex with one terpyridine ligand, while RuII only forms a stable
bis-complex with two terpyridine ligands [323].
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Terpyridine moieties have been introduced as a terminal unit of macro-
molecules. In a subsequent procedure the two-step self-assembly process
based on RuIII/RuII chemistry was used for polymers end-capped with the
2,2′:6′,2′-terpyridine ligand. More precisely, the terpyridine-functionalized
polymers were complexed with RuCl3 to selectively form a mono-complex.
In a further step, this mono-complex was reacted under reducing conditions
with other uncomplexed 2,2′:6′,2′-terpyridine-terminated polymer blocks in
order to form an asymmetrical AB ruthenium(II) bis-complex.

A complete description of the synthetic methodology and the characteri-
zation of the obtained metallosupramolecular block copolymers was reported
in a recent paper [324]. These compounds have been referred to as “metallo-
supramolecular block copolymers” and designated by the acronym Ax-[Ru]-
By, where A and B are the two different polymer blocks, -[Ru]- denotes the
bis-2,2′:6′,2′terpyridine-ruthenium(II) linkage between the A and B blocks,
and x and y represent the average degree of polymerization of the A and
B blocks, respectively. The chemical structure of a PEB-[Ru]-PEO metallo-
supramolecular copolymer is depicted in Fig. 23.

Compared to classical covalent block copolymers, metallosupramolecu-
lar block copolymers offer several advantages. A wide variety of polymeric
blocks can be combined, regardless of the chemical structure and reactiv-
ity ratios of the constituent comonomers. Thus, new and original block
copolymers that could not be prepared by classical polymerization tech-
niques can be easily obtained using this strategy. The high stability of the
bis-2,2′:6′,2′terpyridine-ruthenium(II) allows the integrity of block copoly-
mers formed in this way to be kept in various environments, such as organic
solvents or water, even under extreme pH (the complex is stable for pH values
ranging from 0 to 14) and salt concentrations [131].

In a very recent set of papers [48, 54, 59, 60, 131, 132, 324–328], the synthe-
sis and characterization of metallosupramolecular amphiphilic block copoly-
mers containing a hydrophilic PEO block linked to a hydrophobic PS or PEB
block through a bis-2,2′:6′,2′terpyridine-ruthenium(II) complex have been
described. These copolymers form the so-called “metallosupramolecular mi-
celles”.

The bis-2,2′:6′,2′terpyridine-ruthenium(II) complexes are assumed to be
located at the core/corona interface, as schematically depicted in Fig. 23.

Spherical micelles prepared from PS-[Ru]-PEO copolymers were first in-
vestigated by a variety of techniques, including DLS [131, 325], TEM [48],
cryo-TEM [54], AFM [325, 326], and AUC [59, 60]. In agreement with previ-
ous results obtained on covalent PS-PEO copolymers, PS-[Ru]-PEO micelles
had a strong tendency to form clusters [131, 132]. This tendency was even
more developed for the metallosupramolecular sample as evidenced from
a comparison between a covalent PS22-PEO70 and its metallosupramolecu-
lar PS20-[Ru]-PEO70 counterpart [131]. No clustering was observed for the
covalent sample, while it occurred in the metallosupramolecular one. Cryo-
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Fig. 23 Schematical representation of metallosupramolecular micelles. Brackets: terpyri-
dine ligands; gray spheres: RuIII ions. The complexes can be opened by addition of a large
excess of hydroxyethyl ethylene diamine tetracetic acid (HEEDTA). This is accompanied
by a change in color of micellar solution, which turns from orange to colorless. AFM pic-
tures (height contrast) obtained for micelles before and after treatment with HEEDTA are
shown in background. Average diameter of objects is also indicated. Chemical structure
of PEB70-[Ru]-PEO70 used for this experiment is shown below diagram. Reprinted with
permission from [327]. Copyright (2002) Wiley

TEM observations successfully demonstrated that the large aggregates re-
sulted from clustering of individual micelles for the metallosupramolecular
micelles [54].

Clustering in PS-[Ru]-PEO micelles was shown to be sensitive to tem-
perature and ionic strength, as previously observed for covalent PS-PEO
copolymer [131]. These effects were, however, more pronounced in the case
of the metallosupramolecular copolymers, indicating a possible influence of
the charged bis-2,2′:6′,2′terpyridine-ruthenium(II) complexes [329].

Covalent and metallosupramolecular block copolymers have been com-
bined in a single macromolecular structure. In this respect a terpyridine-
functionalized PS-P2VP has been complexed with a terpyridine-functionalized
PEO, leading to a PS32-P2VP13-[Ru]-PEO70 ABC triblock copolymer [330]. This
copolymer was further used to prepare core-shell-corona micelles consisting of
a PS core, a pH-responsive P2VP shell, and a PEO corona.
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Although bis-2,2′:6′,2′terpyridine-ruthenium(II) complexes have proven to
be extremely stable in various environments, some recent experiments have
shown that the addition of a large excess of a competing ligand (hydroxyethyl
ethylenediaminetriacetic acid, trisodic salt) did allow the opening of the ini-
tial complex [327, 329, 330]. This resulted in the formation of original nano-
objects decorated at their surfaces with terpyridine ligands (Fig. 23). This
opening was directly seen macroscopically by the disappearance of the char-
acteristic orange color of the bis-2,2′:6′,2′terpyridine-ruthenium(II) complex.

In a very recent investigation, hydrophobic PFS (Sect. 7.1) was attached
to a hydrophilic PEO block to form an amphiphilic PFS12-[Ru]-PEO70 block
copolymer [331]. Rodlike micelles were observed in water for this copolymer
(Fig. 24). These micelles have a constant diameter but are rather polydisperse
in length, and DLS measurements indicate that they are flexible. Crystalliza-
tion of the PFS in these micelles was observed and is thought to be the key
behind the formation of rodlike structures. The cylindrical micelles can be
cleaved into smaller rods whenever the temperature of the solution is in-
creased or whenever they are exposed to ultrasound.

Metallosupramolecular graft copolymers have been prepared from a sta-
tistical copolymer containing methylmethacrylate and a methacrylate bear-
ing a terpyridine group in the side chain. Terpyridine end-functionalized

Fig. 24 TEM picture of cylindrical micelles formed by a PFS12-[Ru]-PEO70 metallo-
supramolecular copolymer in water. No contrasting agent has been added for visual-
ization of these micelles because they contain iron atoms in the core. Reprinted with
permission from [331]. Copyright (2004) Wiley
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PEO chains have been grafted to this backbone, leading to an amphiphilic
copolymer. Aqueous micelles have been then prepared from these co-
polymers [332].

8
Conclusions and Outlook

Block copolymer micelles have been the subject of an enormous body of work
during the last 30 years. Although the basic principles of block copolymer mi-
cellization have been already discovered and experimentally investigated in
the 80s, intense research on this topic has been performed since the mid-90s
by many research groups. Because it was not possible to include every contri-
bution to that field in the frame of the present review, only selected examples
were discussed.

The discovery of new “controlled” polymerization techniques in the mid-
1990s and the progress achieved in “living” polymerization toward well-
defined block copolymers with complex topologies have certainly played
a key role in the development of block copolymer micelles.

The interest in block copolymer micelles stems from the numerous prac-
tical applications of such systems. These applications were briefly discussed
in the framework of some specific block copolymer micelles but were not
systematically reviewed here. Practical applications of block copolymer mi-
celles were discussed in the recent review of Riess [14] and include biomedical
applications, emulsion stabilization, viscosity regulation, catalyst support,
surface modification, etc. Amphiphilic block copolymers with biocompati-
ble and/or biodegradable sequences have potential for applications in the
biomedical field, e.g., as drug delivery systems and as carriers in gene ther-
apy. Recent developments in nanotechnology have also created an important
demand for self-organized materials including block copolymer micelles. In
this respect, block copolymer micelles are used as templating reactors for the
production of metallic conducting, semiconducting, or magnetic nanoparti-
cles. In addition to shape and size control due to micellar templating, such
nanoparticles embedded in a polymer matrix exhibit enhanced chemical sta-
bility to oxidation and better colloidal stability and could also show increased
catalytic activity. Block copolymer micelles can also be used as resists for
lithographic processes.

Although many investigations have been carried out over the last 30 years
on block copolymer micelles, some basic questions have not yet received
a clear answer. In this respect, there is a need for libraries of block copoly-
mers in which the relative lengths of the different constituent blocks are
systematically varied. Most of the investigations on block copolymer micelles
have indeed been realized on a limited number of samples. Synthetic strate-
gies based on the use of macroinitiators or the recent “lego™” approach
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developed in the frame of metallosupramolecular copolymers could be ad-
vantageneously used for the preparation of such series of copolymers.

Although many amphiphilic block copolymer architectures including star-
shaped, H-shaped, graft, and ABC block copolymers can now be succesfully
synthesized, their micellization behavior remains poorly investigated.

As described in Sect. 7.1, novel “hybrid” block copolymers comprising on
one hand a “classical” synthetic polymer and on the other hand a metal-
containing polymer, a synthetic or natural (proteine, enzyme, etc.) polypep-
tide have recently been synthesized. Other “hybrid” block copolymers con-
taining inorganic blocks, dendrimers, etc. will certainly be prepared and
thoroughly investigated in the next few years.

The use of noncovalent interactions to trigger micellization from mutually
interacting block copolymers is also a topic receiving increasing attention.
This has been illustrated for IPEC-containing micelles in Sect. 7.4.

Stimulus-reponsive micelles have been intensively investigated during the
last 5 years, and further developments could be expected. These micellar sys-
tems have been essentially prepared from double-hydrophilic block copoly-
mers and from micelles with noncovalent complexes in the core. The interest
related to these micellar systems stems from their potential applications, as
briefly discussed in Sect. 4.3.

In a more general way, the two major driving forces for the design of novel
micellar systems are the control over morphology (spheres, vesicles, rods,
tubules etc. with controlled size) and function (stimulus-responsive materi-
als, biological functions). Both of these aspects are intimately related since
a given morphology can induce a specific function.

Finally, much work remains to be done on concentrated micellar solutions,
which have been poorly investigated compared to the dilute regime. Inter-
esting properties, such as lyotropic mesophase behavior, are expected to be
observed for these concentrated micellar solutions.
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Abstract Block copolymers constitute a fascinating set of self-assembled materials ex-
hibiting compositional heterogeneities on the nanometer length scale. While traditionally
employed as thermoplastic elastomers, asphalt modifiers, and adhesives, the potential of
self-assembled block copolymers for nanotechnological applications has been realized in
the past decade and many examples have now appeared in the literature. As indicated
by the title, this review covers a specific aspect of block copolymers as tools for prepar-
ing nanoscopic materials. Nanoporous materials can be generated by selective removal of
one component from a self-assembled block copolymer. These materials exhibit the pore
size and pore topology of their parent structures and can be used as nanolithographic
masks, separation membranes and nanomaterial templates. The work described within
covers the published work in the field since the first report of nanoporous materials from
ordered block copolymers nearly two decades ago. After an introductory section and
historical account, sections on nanolithography, membranes, monoliths, and templates
follow. The review ends with a summary and outlook on this exciting research arena in
block copolymer science and technology.
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BET Brunauer–Emmett–Teller
χ Flory–Huggins interaction parameter
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GASAXS Grazing angle small-angle X-ray scattering
HABA 2-(4′-hydroxybenzene-azo)benzoic acid
IR infrared
NMR nuclear magnetic resonance
PαMS poly(α-methyl styrene)
PBD polybutadiene
PCEMA poly(2-cinnamoylethyl methacrylate)
PCHE polycyclohexylethylene
PDP pentadecyl phenol
PDMS polydimethylsiloxane
PEO poly(ethylene oxide)
PFMA poly(perfluorooctylethyl methacrylate)
PHOST poly(4-hydroxy styrene)
PI polyisoprene
PLA polylactide
PLLA poly-L-lactide
PMMA poly(methyl methacrylate)
PPO poly(propylene oxide)
P(PMDSS) poly(pentamethyldisilylstyrene)
PPS poly(4-vinylphenyl-dimethyl-2-propoxysilane)
PS polystyrene
PVP poly-4-vinylpyridine
PtBA poly(t-butylacrylate)
RIE reactive ion etching
SANS small-angle neutron scattering
SAXS small-angle X-ray scattering
scCO2 super critical carbon dioxide
SEC size exclusion chromatography
SEM scanning electron microscopy
TBAF tetrabutyl ammonium fluoride
TEM transmission electron microscopy
Tg glass transition temperature
THF tetrahydrofuran
UV ultraviolet
WAXS wide-angle X-ray scattering
XPS X-ray photoelectron spectroscopy

1
Introduction

Covalently connecting two incompatible polymers at their ends leads to a fas-
cinating class of self-assembling materials [1]. Block copolymers constitute
a well-studied and well-documented set of nanostructured hybrid materi-
als [2]. Many synthetic techniques are available for generating AB diblock,
ABA triblock, ABC triblock and even more complicated block architec-
tures [3, 4]. Furthermore, the thermodynamics governing the self-assembly
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of AB diblock copolymers is now established from both experimental [5]
and theoretical [6] perspectives. In linear AB diblock copolymers the fol-
lowing four equilibrium morphologies have been identified in numerous
systems: lamellar, hexagonally packed cylindrical, bicontinuous gyroid, and
BBC spherical. In fact, these four morphologies have been observed in block
copolymers of quite different chemical make-up [2]. The phase behavior of
coil-coil AB diblocks is predictable; if the tails of two incompatible poly-
mers are covalently connected, one can expect self-assembly into one of four
equilibrium symmetries. The composition of the material will dictate the
identity of the dispersed and continuous phase(s). In nearly all cases, the
principal spacings in these ordered structures are between 5 and 50 nm, thus
highlighting the potential utility of these materials in nanotechnological ap-
plications [7].

This experimental phenomenology and theoretical underpinning suggests
that the self-assembly of AB diblock copolymers is in fact universal, and ma-
terials with discrete functionality in the blocks can be expected to adopt
one of these four morphologies provided the materials are of appropriate
molecular weight, incompatibility, and composition. As a result the study of
functional block copolymers that form ordered materials with compositional
heterogeneities on the nanometer length scale has been quite active over the
past decade. Simply put, the combination of exquisite structural control with
some higher-order functionality is on the forefront of block copolymer sci-
ence and technology. For example, block copolymers containing conducting
materials [8], hydrogen-bonding moieties [9], ligands [10], metal-containing
segments [11], and degradable components have all been explored with var-
ious applications in mind. The latter set of materials is the focus of this
review. By preparing block copolymers in which the minority component is
degradable (etchable), ordered block copolymers provide a rather convenient
route to nanoporous organic materials. For example, selective etching of the
cylinder-forming phase in an ordered block copolymer results in the forma-
tion of nanoscopic channels provided the matrix material can support such
a structure. As will be discussed in detail below, block copolymers are quite
versatile materials in this regard; the structures of the resultant nanoporous
materials can be precisely tailored.

Nanoporous materials have been shown to be useful for many applications
including separations, catalysis, and templating. Nanoporous materials come
in all varieties with newly developed inorganic metal oxides being a preva-
lent example [12]. While these materials have established utility, organic
nanoporous materials can find applications where their inorganic cousins do
not perform as well. Porous organic polymers are widely used in filtration
and chromatographic media. This is due in part to their facile processing
characteristics and synthetic accessibility. In the case of nanoporous materials
from block copolymer precursors, one can envision many possible applica-
tions. These include high surface area supports, nanomaterial templates, and
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size-specific separation media. Given the range of block copolymer struc-
tures available, nanoporous materials with a wide range of tunable properties
can be imagined. There are two key requirements for preparing nanoporous
materials from ordered block copolymers: (i) the etchable material must
be physically accessible to the solvent, reagent, process utilized for degra-
dation; and (ii) the matrix material must be able to support the resultant
nanoporous structure. As will be reviewed, there are many possible degrada-
tion techniques/etchable blocks and a variety of matrix materials that meet
these necessities. As synthetic techniques keep expanding the range of avail-
able block copolymer structures, this list will expand, and new applications
will parallel this growth.

In this review I have attempted to cover all the reported work on the prep-
aration of nanoporous materials from ordered block copolymer precursors
starting in 1988. To the best of my knowledge there are no prior published
accounts in the research area. This review begins with an historical account
of important early works. This is followed by a section on block copolymer
nanolithography, arguably the most developed use of nanoporous materials
from ordered block copolymers. The next two sections cover the generation
of nanoporous membranes and monoliths. A section covering the use of these
nanoporous materials for templating and related applications follows. A short
summary and outlook on this exciting field is presented at the end of this
review.

2
Historical Developments

The first demonstrated example of generating a porous membrane from an
ordered block copolymer was communicated by Lee et al. in 1988 [13]. In that
work, a triblock copolymer of poly (4-vinylphenyl-dimethyl-2-propoxysi-
lane)-b-polyisoprene-b-poly (4-vinylphenyl-dimethyl-2-propoxysilane) [PPS-
PI-PPS] that formed a lamellar morphology was cast into a thin (ca. 20 µm)
film (no effort was made to orient the block copolymer domains, al-
though some orientation presumably resulted from the casting procedure),
crosslinked by hydrolysis of the alkylsiloxane moiety, treated with an O3 so-
lution (CH2Cl2) and washed with methanol to remove the PI component.
Nuclear magnetic resonance (NMR) and infrared (IR) spectroscopic data
confirmed both the crosslinking and degradation efficacies. The resultant
films were opaque and fragile, and by gravimetric analysis, 70% of the PI was
removed. Scanning electron microscopy (SEM) analysis on a cross section of
the film revealed a layered-like pore structure with features on the order of
10 nm, consistent with some shrinkage of the film. Importantly, the authors
reported the N2 adsorption data for this porous film and concluded that in-
deed a continuous mesoporous structure was obtained (74 m2 g–1). A year
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later, in a more detailed full publication, Lee et al. reported similar results for
a series of PPS-PI-PPS triblock copolymers with different morphologies (as
evidenced by transmission electron microscopy [TEM]) [14]. The PI degra-
dation reaction (ozonolysis) was not complete and the lengths of the residual
PI chains in the porous materials were estimated based on gravimetric data.
The authors suggested that these residual (and functionalized) chains coat the
pore surfaces. Again, the porous structures were confirmed by SEM (Fig. 1).
In the sample that contained spherical PI inclusions before degradation, the
pore structure appeared to be “closed”, consistent with a discontinuous struc-
ture. Interestingly, the ozonolyis-based degradation was quite effective at
PI removal. This suggests that these domains were readily accessible to O3
and that the degradation products could be extracted without difficulty. In
addition to nitrogen adsorption (Brunauer–Emmett–Teller [BET]) analysis
on these materials, the N2 permeability data was provided for these porous
membranes. Permeabilities consistent with the pore sizes in the membranes
were recorded. Very low permeability was observed for the closed-cell film;
values roughly three orders of magnitude smaller than for the corresponding
lamellar films were measured.

This work was important for several reasons in addition to the original
demonstration of the methodology for generating porous films from ordered
block copolymer precursors. Demonstrating porosity necessitates more than
just microscopy. The complementary N2 adsorption, gravimetric, spectro-

Fig. 1 Nanoporous membrane from a cylinder-forming PPS-PI-PPS triblock copolymer.
Reproduced from [14]
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scopic, and permeability data provided a compelling case for the proposed
structures. Furthermore, the idea that the resulting pore structure could be
dictated by the block copolymer precursor was not lost on these authors. In
their 1988 publication they wrote: “Furthermore, it is observed that the result-
ing membrane contains carbonyl groups by oxidative cleavage of the polymer
chain, which will enable some functions such as enzymes and metal com-
plexes to be linked in the micropores.”

In 1992 Smith and Meier published a paper on the degradation of the poly-
diene component in polystyrene-polybutadiene (PS-PBD) or PS-PI diblock
copolymers [15]. This work was aimed at developing new techniques for the
visualization of the three dimensional morphology of microphase separated
block copolymers. While most of the work in this paper describes the degrada-
tive processing of polydiene-rich materials, one example of a symmetric (i.e.,
lamellar) material is given. Like the Lee et al. work described above, the de-
graded sample was probably porous, although no TEM image was shown for
this material. The work reported by Smith and Meier demonstrated that the
ozonolyis procedure can effectively remove the polydiene component without
negatively affecting the uncrosslinked PS domains. While their aim was not to
generate porous materials, the work is important for this reason.

Hedrick et al. elegantly demonstrated a block copolymer approach to
generating porous materials, termed nanofoams, using polyimide-based
materials in 1993 [16]. With the aim of preparing interlayer dielectrics
with low dielectric constants to prevent “crosstalk” in microelectronic de-
vices, polyimides were prepared that contained thermally labile blocks such
as poly(methyl methacrylate) (PMMA) or poly(propylene oxide) (PPO).
Upon heating these materials above the decomposition temperatures of
the degradable blocks, the volatile byproducts are removed leaving be-
hind voids in the inherently high glass transition temperature polyimide
[poly(phenylquinoxaline) in this case]. The block copolymers synthesized in
this (and subsequent work) were prepared by condensation polymerization
techniques and gave microphase-separated structures that typically lacked
a high degree of order. However, for the intended application, the key fea-
tures of the precursor structures were that they needed to generate small,
closed-cell voids. In this regard the materials generated by this approach
were exemplary. Using a combination of characterization techniques, the tar-
geted nanofoam structures were shown to be quite thermally stable and to
have low dielectric constants and densities. In subsequent work, this group
demonstrated the generality of the polyimide block copolymer approach for
generating porous materials, which was recently summarized in a review en-
titled “Nanoscopically Engineered Polyimides”, and the reader is referred to
that publication (and references therein) for more detailed information [17].

A seminal contribution by Mansky et al. on the preparation of oriented
thin films of PS-PBD block copolymers that were then subjected to ozonolysis
degradation conditions to give porous thin films for use as nanolithography
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masks was published in 1996 [18]. While the ozonolysis was directly derived
from the work of Lee et al. [13, 14] and Smith and Meier [15], the authors
used a technique they developed to prepare thin films of block copolymers
with cylindrical domains oriented perpendicular to the film surface. By drop
casting toluene solutions of a PS-PBD block copolymer on the surface of
deionized water, thin (ca. 100–200 nm) films were obtained. TEM analysis
showed that upon annealing the films formed well-organized structures. Re-
moval of the polybutadiene phase resulted in porous thin films as evidenced
by TEM (Fig. 2). In this publication the authors also refer to successful ex-
periments using these films as lithographic masks through pattern transfer
techniques. This noteworthy work stimulated significant research in the area
of “nanolithography” [19] using block copolymer templates as masks (vide
infra).

In 1997 Liu et al. reported the synthesis, self-assembly, and hydrolysis of an
interesting block copolymer [20]. Using an anionic polymerization method-
ology, poly(t-butylacrylate)-b-poly(2-cinnamoylethyl methacrylate) [PtBA-
PCEMA] diblock copolymers were prepared, and the authors demonstrated
formation of a microstructure containing PtBA cylinders hexagonally packed
in a PCEMA matrix. Exposure of thin films (ca. 50 nm) of this material to UV
irradiation crosslinked the PCEMA phase (35% of the double bonds were re-
acted). Immersing the films first in a CH2Cl2 solution of trimethylsilyl iodide
followed by a methanol/water solution lead to cleavage of the t-butyl group
leaving behind the corresponding poly(acrylic acid). Impressive TEM mi-
crographs of thin films of these crosslinked/hydrolyzed films were obtained
without any chemical staining (Fig. 3). The cylindrical features were light in
the transmission image suggesting that the density of the cores was less than
that of the crosslinked PCEMA matrix. In principle, the material generated
was at least semi-porous, although no other evidence was reported in this
manuscript. Nonetheless, this work showed that partial removal of the minor-

Fig. 2 TEM image (without staining) of a nanoporous PS membrane formed by ozonolysis
and washing. Reproduced from [18]
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Fig. 3 Structure of PtBA-PCEMA and TEM image after hydrolysis. Reproduced from [20]

ity component of a block copolymer by a simple hydrolysis could be achieved,
and therefore could be used as a straightforward protocol for the generation
of porous materials. Subsequent work by this group demonstrated that this
was indeed the case (vide infra).

Hashimoto et al. reported the ozonolysis/degradation of a PS-PI block
copolymer/PS homopolymer blend to generate nanoporous films in 1997 [21].
The key feature of this work that differentiates it from related prior schemes
is the morphology of the block copolymer precursor. In this case, the film
adopted a bicontinuous morphology with Ia 3 d symmetry, or the so-called
gyroid phase. This morphology consists of percolating networks of both
PS and PI domains. Because of the inherent bicontinuity, orientation of the
morphology is not required if porous versions of this phase are to be used
for membrane-based separations. Relatively thick (100–300 µm) films of the
blend were cast by slow evaporation from toluene. The gyroid morphology
was confirmed by TEM. Exposure of the films to ozone followed by treat-
ment with ethanol (a nonsolvent for PS) resulted in complete removal of the
PI phase by NMR spectroscopy and gravimetric analysis (although the de-
tails were not reported in this paper). Complete removal of the PI phase in
such a thick film using ozonolysis is significant, and further supports the
formation of a three-dimensionally continuous material. SEM images of the
porous materials were consistent with the proposed structure (Fig. 4). In fact,
the symmetry of the precursor material was nearly identical to the resultant
porous material. The “nanochannels” could be coated with nickel by a non-
electrolytic plating technique. In the Ni-coated materials, metal nanoparticles
were deposited in the channels, and the authors propose that these particles
form essentially a continuous coating. The authors make the comment that
continuous channels coated with catalytically active metals could prove to be
quite useful as membrane reactors.

These contributions between 1988 and 1997 set the stage for a wide variety
of contributions in the field of porous materials derived from block copoly-
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Fig. 4 Nanoporous membrane from an etched gyroid structure. Reproduced from [21]

mer precursors. Much of the work described in the following sections can
be traced back to the visionary work of the Nakahama group in 1988 [13].
The research reported in that 1988 publication evolved from the development
of anionic polymerization methodologies that allowed for the incorporation
of functional groups (e.g., silyl groups). The design and development of new
synthetic methodologies often spurs other tangential discoveries that find
utility in a variety of technological applications. The generation of porous
materials from “functionalized” block copolymer precursors is evidence of
this. Porous materials from ordered block copolymer precursors have been
developed for various applications since 1988. From interlayer dielectrics
to nanostructure templates to selective membranes these materials have re-
ceived considerable attention over the last decade.

3
Block Copolymer Lithography Employing Nanoporous Templates

In what has become one of the most cited papers in the field of block copoly-
mer lithography, Park et al. described tactics for preparing either pits or posts
of SiN using block copolymer masks and a combination of chemical modifi-
cation and reactive ion etching (RIE) [22]. In the protocol for preparing holes
(pits) in a SiN substrate, a PS-PI or PS-PB block copolymer was spin coated
on a SiN substrate and subsequently annealed. Monolayers of these materials
formed spherical inclusions of the polydiene component. Using the estab-
lished O3 degradation technique, the authors show that the polydiene phase
can be etched out leaving behind a mask that has periodic material dens-
ity contrast as a result of the porous structure (Fig. 5). Subsequent RIE using
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a fluorocarbon-based plasma results in anisotropic etching of the substrate.
In one example, SEM analysis (Fig. 5) of the etched film (after removal of
a surface coating of PS) and the resultant pitted SiN substrate clearly demon-
strates the efficacy of this double etching technique (i.e., a chemical etch of
the diene, followed by RIE). In this case the holes were approximately 20 nm
in diameter with a period of about 40 nm. The natural length scale that block
copolymers self-assemble on leads to remarkably dense arrays, and this fact
was highlighted by the authors in the title of their manuscript “Block Copoly-
mer Lithography: Periodic Arrays of ∼ 1011 Holes in 1 Square Centimeter”.
The authors note the advantages of block copolymer lithography over elec-
tron beam lithography in this work and demonstrate the benefit of being able
to pattern large areas.

Fig. 5 Protocol for preparing nanoporous thin films for nanolithographic applications
(route B) and SEM image of the resultant nanoporous thin film (after removal of the PS
overlayer). Reproduced from [22]
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In a follow up full publication to the work above, Harrison et al. showed
that using porous thin films as described above, pattern transfer could be
accomplished in both Si and Ge substrates as well [23]. While an entire three-
inch Si wafer was patterned using this technique, practical limitations, such
as in etch anisotropy, were reported. In this paper, an effective technique
for confirming porosity in these films was demonstrated. After ozonolysis of
these thin films, an overlayer of PS remained at the surface of these porous
samples. By using a low power CF4 RIE followed by periodic SEM analysis,
this layer could be slowly etched to reveal thus revealing the cylindrical pores
(now observed as trenches). Also, the authors showed that the low power CF4
etch did not result in significant surface roughness.

Limitations of the porous polymer mask approach described above, when
attempting to use it for metal deposition (rather than simple pattern transfer
to the underlying substrate), include the small aspect ratio of the holes and
mask lift off problems. To circumvent these issues, Park et al. developed a tri-
layer pattern-transfer method using a polyimide, SiN and block copolymer
layers on arbitrary surfaces (Fig. 6) [24]. After ozonolysis of a block copoly-
mer thin film containing spheres of PI in a matrix of PS, the pattern was
transferred into the SiN layer using the CF4 RIE protocol (as in this group’s
previous work). In the trilayer scenario, the patterned SiN can be transferred
to the polyimide layer using an O2 RIE. The etch anisotropy between the in-
organic SiN and the organic polyimide is quite large. Essentially, the SiN is an
excellent mask for O2 etching and deep holes can be generated without com-
promising the pattern. While there was some lateral widening of the holes at
aspect ratios greater than about three, this trilayer technology was quite ef-

Fig. 6 Trilayer pattern transfer approach using nanoporous diblock copolymers. Repro-
duced from [24]
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fective for preparing, for example, Ti/Au nanodot arrays. The authors go on
to propose the generic utility of this protocol for nonplanar substrates, elec-
troplating techniques, and micro(nano) molding. In the concluding remarks
the following comment was noted: “We expect that slight modifications of this
technique will provide an inexpensive, fast, and versatile means of produc-
ing dense periodic structures at the 3–100 nm scale over large areas on any
substrate of interest”.

In the work with thin films of PS-polydiene block copolymers described
above, the morphology of the materials was exclusively spherical in the thin
film geometries. Also, a top layer of the low surface energy block was always
present and the spherical inclusions were buried in the film. Thus the masks
generated behaved in an anisotropic manner under etching conditions. An
ideal mask, however, would have channels that were open on the surface of
the film and extended through the entire film to the substrate. Porous mate-
rials of this nature would allow for direct deposition (or growth) of material
in the holes, and following lift off, leave the corresponding patterned sur-
faces. One way to achieve this porous mask using block copolymers is to
employ cylinder-forming materials that could be manipulated in such a way
as to allow for the cylinder orientation perpendicular to the substrate sur-
face. Subsequent removal of the component that formed the cylinders would
leave the nanolithographic masks. In 2000, Thurn-Albrecht et al. demon-
strated that this was possible using PS-PMMA block copolymers (prepared
by anionic polymerization) [25]. Spinning a thin (40 nm) film of a PS-PMMA
block copolymer containing 30 vol % PMMA onto a substrate coated with
a PS/PMMA random copolymer gave a beautifully oriented thin film of
PMMA cylinders standing on end and hexagonally packed in a PS matrix
after annealing. The random copolymer film was used to render the surface
ambivalent toward adsorption of either the PS or PMMA components in the
block copolymer; this resulted in a thermodynamic preference for the per-
pendicular orientation [26]. Thicker films with this same orientation were
generated using electric field alignment techniques developed by the same
group [27]. Exposure of either of these films to UV radiation led to both
degradation of the PMMA phase and crosslinking of the PS phase. Subse-
quent washing with acetic acid gave porous templates that exhibited the size,
shape, orientation, spacing, and packing of the parent materials as confirmed
by SEM (Fig. 7), TEM, atomic force microscopy (AFM), and small-angle X-ray
and neutron scattering (SAXS and SANS). A key component of this work
was the simultaneous crosslinking and degradation of the PS and PMMA, re-
spectively. For thin films, a simple five-step procedure consisting of substrate
coating (i.e., with random copolymer), block copolymer deposition, thermal
annealing, exposure to UV light, and film washing/drying gives porous masks
that are useful for subsequent nanofabrication techniques [28].

Eight months after submission of the first manuscript describing success-
ful preparation of nanolithography masks from PS-PMMA block copolymers,
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Fig. 7 SEM images of nanoporous thin films from cylinder-forming PS-PMMA diblock
copolymers. Reproduced from [25]

Thurn-Albrecht et al. submitted a second communication describing the
successful use of these porous templates for the preparation of “ultrahigh-
density” arrays of cobalt nanowires [29]. These nanowires were grown in
the pores (14 nm in diameter) of a one-micron thick template generated by
electric field alignment of a PS-PMMA block copolymer followed by UV
exposure, rinsing and drying. The wires were grown to a length of about
500 nm and left in the porous (and crosslinked) PS matrix (Fig. 8). The cobalt
nanowires showed enhanced coercivities as compared to continuous cobalt
films [30], providing promise for use of these arrays in ultrahigh-density stor-
age (approaching one terabit per square inch). These two publications are
noteworthy. While both the methodologies employing sphere forming block
copolymers and cylinder forming block copolymers each have their respec-
tive merits, ideal templates for nanolithographic applications are the type
described using the PS-PMMA materials. While one must turn to electric field
alignment to prepare oriented films of arbitrary thicknesses, the resultant
porous templates are truly exemplary masks.

After these initial reports, this group has published no less than a dozen
other papers utilizing and expanding on this versatile technology that ex-
ploits porous materials derived from block copolymer precursors. As sug-
gested in their Science report [29], thin porous templates prepared from
a PS-PMMA material were used by Kim et al. as “nanoscopic reaction ves-
sels” for the growth of silicon dioxide pillars on a silicon wafer [31]. SiO2
was grown (by hydrolysis of SiCl4) in the pores generated by UV exposure
(and acetic acid rinsing) of a thin PS-PMMA film that was cast on a ran-
dom copolymer substrate and annealed. After a CF4 reactive ion etch the
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Fig. 8 Schematic of nanofabrication methodology (left) and SEM image of Co nanowire
array (right). Reproduced from [29]

remaining polymer was removed along with some of the SiO2, although the
etching rates were different enough to provide sufficient contrast. SEM image
showed the remaining hexagonally packed SiO2 posts 6 nm high and 20 nm
in diameter with a lattice constant close to that of the precursor material. Al-
though the authors do not state this explicitly, these results suggest that in
fact the random copolymer layer used to induce perpendicular orientation of
the cylinders in the PS-PMMA template is removed (i.e., degraded) during the
UV/acetic acid treatment. Thus, bare SiO2 is exposed at the bottom of the
pores. For templating applications this is an important aspect of the overall
PS-PMMA mask procedure.

In related work, Black et al. showed that these porous PS masks could
be used to “drill” pits into a silicon wafer through exposure to an SF6
plasma [32]. With an estimated etch selectivity of 25 : 1 (Si : PS), the mask was
quite effective for this process. Integration of this procedure with standard
microelectronic processing techniques was used to generate metal-oxide-
semiconductor capacitors with increased charge storage capacities, important
for dynamic random access memory applications. Guarini and coworkers fol-
lowed up on this initial report with two studies describing in more detail the
use of porous PS templates as nanoscale patterning media for semiconduc-
tor applications. In 2001 Guarini et al. showed that ordered porous templates
could be formed across entire 8-inch diameter silicon wafers [33]. Some op-
timization of the block copolymer spin casting procedure and subsequent
annealing protocols was disclosed. In this work, the random copolymer coat-
ing approach was used to obtain the preferential orientation. PS-PMMA films
between about 33 and 42 nm thick, annealed at 160 ◦C for about a day and
a half gave the best order. As described in previous work by this group, SF6
RIE and metal deposition methodologies were reported. An optimized pro-
cedure for the deposition of gold nanodot arrays using the PS masks was also
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Fig. 9 Gold nanoparticles (left hand side of the image) prepared by deposition onto
a nanoporous PS mask derived form a PS-PMMA block copolymer. Reproduced from
refernence [33]

beautifully illustrated (Fig. 9). These arrays were generated by simply evapo-
rating gold onto the mask followed by lift off (sonication in organic solvent).
Using a virtually identical process, Shin et al. reported the preparation of
gold, chromium, and multilayer (Cr/Au) nanodot arrays in 2002 [34]. No-
tably, nanoporous metal films were prepared using a block copolymer with
the majority of the PMMA phase thus generating an array of PS pillars upon
UV exposure and acetic acid rinsing. In 2002 Guarini et al. showed that the
nanoscale patterns provided by the porous PS templates could readily be
transferred into “more robust” materials for use in semiconductor nanofab-
rication processes using RIE-based and wet etch processes (with various
gases) [35]. This work and subsequent reports by Jeong et al. in 2001 [36] and
Bal et al. in 2002 [37] further demonstrated the utility and versatility of these
PS masks for the potential and realized fabrication of nonvolatile memory de-
vices, lasers, biochips, field-emission displays, nanoelectrode arrays [36], and
magnetotransport devices [37].

The effectiveness of nanoporous membranes prepared from ordered PS-
PMMA block copolymers certainly motivated in-depth work on optimizing
the fidelity of the structures and controlling the feature sizes. In two papers
describing detailed and careful characterization of PS-PMMA thin films, the
self-assembly characteristics were well documented. In 2001 Xu et al. demon-
strated that using the balanced interfacial energy approach to perpendicular
cylinder orientation (i.e., using random copolymer), PS-PMMA materials
with molecular weights up to 103 kg mol–1 gave nicely ordered films upon an-
nealing [38]. However, a 295 kg mol–1 PS-PMMA sample showed poor order
under the same conditions. This was attributed to the slow collective motion
of the polymer chains required to achieve a well-ordered sample. Using an op-
timized electric field alignment technique, all PS-PMMA films studied gave
perpendicular microdomain orientation. The authors suggest that the forces
present as a result of the external field overwhelm kinetic limitations in even
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the highest molecular weight PS-PMMA sample examined. An experimental
scaling of domain spacing (D) with degree of polymerization (N) was consis-
tent with strongly segregated PS-PMMA above about 80 kg mol–1 (D ∼ N2/3).
Thus the range of pore sizes that could be generated is from 14 to 50 nm.

Guarini et al. examined the influence of film thickness, annealing time, an-
nealing temperature, and block copolymer molecular weight on the porous
structures resulting from degradation of PS-PMMA thin films spun on
a PS/PMMA random copolymer coated substrate (“to neutralize the sub-
strate”) [39]. From this work, there appears to be an optimal film thickness
centered at about 38 nm and an optimized annealing time and tempera-
ture (1 h, 180 ◦C) for a 67 kg mol–1 PS-PMMA material containing 70 wt %
PS. SEM images of the porous films were analyzed in a quantitative manner
using image analysis software. With a block copolymer of higher molecular
weight (132 kg mol–1), these authors reported a scaling of the domain spacing
with N of 0.58, in general agreement with Xu et al. [38]. These authors also
reported that the higher molecular weight PS-PMMA materials gave more
poorly ordered porous films (Fig. 10). Diminished diffusivity of the high mo-
lecular weight sample as compared to the 67 kg mol–1 sample was implicated.

As demonstrated above, the use of PS-PMMA block copolymers as precur-
sors to nanoporous materials is quite well established. Electric field alignment

Fig. 10 SEM of nanoporous PS materials showing the influence of molecular weight on
the ordering of templates a 67 kg mol–1 b 132 kg mol–1 c pore diameter histograms. Re-
produced from [39]
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or surface modification gives cylindrical features that orient perpendicular to
the substrate surface. Crosslinking the PS and degrading the PMMA gives the
porous materials. Several variations on this theme have been reported that
utilize other strategies to generate the final porous materials from the same
precursor blocks. In 2002, Jeong et al. described the generation of nanos-
tructured PS-PMMA (83 kg mol–1) films that contained up to 10 wt % PMMA
homopolymer (18 kg mol–1) [40]. These authors suggested that the PMMA
homopolymer preferentially segregates to the center of the cylindrical PMMA
nanodomains. Therefore, simple dissolution of the PMMA homopolymer in
a nonsolvent for the PS (acetic acid/water mixture) leads to the generation of
voids (6 nm in diameter) in the film. By examining a film that was folded back
onto itself, the authors claim that the pores span the entire film (i.e., from sur-
face to substrate). Addition of homopolymer to the PS-PMMA films allows for
a quite simple technique to generate nanoporosity and controlling pore size.
In particular this methodology can be used to generate pores that are quite
a bit smaller than can be easily prepared in the pure PS-PMMA materials.

In a later report in 2003, Joeng et al. mentioned that while the homopoly-
mer strategy was effective, the resulting nanoporous materials were not stable
to elevated temperatures [41]. Since the matrix PS phase is not crosslinked (or
otherwise modified) upon simple exposure to a nonsolvent, the PS sustains
the pore structure due to its glassy (and high modulus) nature. At high tem-
perature, the porous structure is compromised. In this publication [41], Jeong
et al. show, that this limitation can be overcome by first crosslinking the PS
by exposure to ozone at 17 ◦C [42]. The PMMA homopolymer (up to 30 wt %
in this case) could then be removed by the aforementioned dissolution tech-
nique (in this case pure acetic acid is used). The films could then be annealed
at 170 ◦C (well above the glass transition temperatures of both PMMA and PS)
and retain the porosity as templated by the PMMA homopolymer. A lovely se-
ries of TEM images demonstrated the control of pore size and stability of the
porous structure to high temperatures. Geometrical arguments are given in
this work and lend theoretical support to the pore sizes observed. By combin-
ing this ozone crosslinking/homopolymer PMMA removal method with the
standard UV degradation methods, these authors were able to generate pores
ranging from 6–32 nm and predict that with homopolymer molecular weight
variation this range can be significantly extended.

The ozone-induced crosslinking of PS in a PS-PMMA thin film in and of it-
self has produced nanoporous materials as demonstrated by Jeong et al. [42]
in 2003 using a crosslinking/volume reduction approach. Ozone treatment
under the proper conditions leads to crosslinking of PS and no significant
modification of the PMMA. Of course most crosslinking chemistry leads to
an increase in the density of the phase affected. In the case of ozone-induced
crosslinking of PS, the relatively minor (although undetermined) mass in-
crease is not significant, and the reduction in the volume dominates the
change in density. Simple exposure of an oriented PS-PMMA thin film to



154 M.A. Hillmyer

ozone for a controlled time at 17 ◦C followed by heating to 170 ◦C generates
porosity in the film. Increasing the ozone exposure time leads to an increase
in the pore size (from 3 to 8 nm). The authors suggested that in a PS-PMMA
thin film in which the PS phase is crosslinked, reduction of the film vol-
ume occurs only in the direction perpendicular to the substrate surface (i.e.,
the film thins without visible lateral contraction). When the films are heated
above the glass transition temperature of the PMMA phase (not crosslinked,
but made “uncomfortable” by the stress being applied by the surrounding
crosslinked PS domains), the authors argue that the PMMA chains can re-
lieve this stress by flowing toward the edges of the cylinder walls. Thus in
the PS-PMMA block copolymers, the PS phase crosslinking results in reduc-
tion in volume of the film that is not laterally constrained on a local length
scale. That is, the PS phase in the PS-PMMA phase becomes thinner and
contracts in the lateral direction by pulling on the PMMA chains essentially
voiding that material (not unrelated to rubber cavitation in toughened plas-
tics during fracture). In fact, the ozone treatment leads to no contraction in
PMMA volume in homopolymer films, and in PS homopolymer films the vol-
ume contraction can be used to predict the size of the voids in the crosslinked
and annealed PS-PMMA samples. The arguments presented by the authors
are confirmed experimentally through this correlation. This is quite a clever
method for generation of porosity in thin films.

Of course reducing the number of chemical (e.g., UV, ozone, and/or sol-
vent exposure) and thermal processing steps needed to generate nanoporos-
ity in block copolymer thin films is desirable, and the last two techniques de-
scribed with PS-PMMA films represent progress towards that goal. In the Fall
of 2003 Xu et al. reported a very simple technique for generating nanoporos-
ity in thin films of PS-PMMA [43]. Exposure of perpendicularly oriented
thin films to acetic acid/water mixtures without any prior UV exposure (as
was done in the first reported examples [25]), leads to nanoporosity as de-
termined by AFM. The proposed mechanism for pore formation is that the
PMMA chains are “drawn” to the film surface through selective dissolution
in the solvent. Solvent treatment was shown to have no detrimental impact
on the molecular weight of the chemical make up of the PS-PMMA materials
(by GPC and NMR spectroscopy). The pore generation is reversible (and can
be cycled); heating the film regenerates the dense film and the topographic
AFM image of the film shows no features. A key issue for this process is
the depth of the pores generated. Substrate TEM images could be obtained
floating the thin films off of the substrate. In the TEM image presented, cylin-
drical bright areas were observed and the authors state: “The bright spots
were the same intensity as if no sample were present in the beam ...”. Thus
the conclusion that the “pores extend completely through the film” was made.
However, the authors do not comment on the layer of end-functionalized ran-
dom PS/PMMA material that was coated on the SiO2 before deposition of
the block copolymer. From what was reported, the film they examined by
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TEM was coated with 6 nm of the random copolymer and 34 nm of the block
copolymer. Annealing at 170 ◦C and exposure to acetic acid generates the de-
sired nanoporosity. After floatation of the film on a dilute aqueous solution of
HF the authors picked it up on a TEM grid. The fate of the random copolymer
was not described. Water contact angle and X-ray photoelectron spectroscopy
(XPS) experiments were consistent with the migration of the PMMA chains to
the top of the thin film to generate the desired porosity.

Increasing the long-range lateral order in thin films of block copolymers
is important for applications that require some form of addressability (e.g.,
magnetic hard drives). Long-range order in a block copolymer thin film that
was designed as a nanoporous polymer precursor could ultimately result
in nanoporous materials with identical long-range ordering, and therefore
this has been a goal in the field. While there are several methods for pre-
cisely defining the position of a nanodomain in a block copolymer thin
film [7], in 2004 Kim et al. reported that simple solvent annealing of PS-
poly(ethylene oxide) [PEO] thin films lead to remarkable arrays of highly
ordered PEO cylindrical domains in a PS matrix over quite large areas
(5×5 µm2) as shown in Fig. 11 [44]. In fact, only one defect was observed
in the 25 µm2 AFM image. The mechanism for generating these arrays is
presented as being due to a concentration gradient established in the thin
film upon solvent evaporation post annealing. Later that same year, Kim
et al. showed that this solvent annealing process could be applied to thin
films of diblock/homopolymer blends (PS-PEO/PEO and PS-PEO/PMMA) to

Fig. 11 AFM image of a 260 nm thick film of PS-PEO cast from benzene in a benzene/
water atmosphere for 48 h. Reproduced from [44]
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give similar results, and went on to demonstrate by both TEM and grazing-
angle small-angle X-ray scattering (GASAXS) that the cylindrical domains
span the entire thickness of the film [45]. Importantly, these authors showed
that nanoporous materials could be generated from these highly ordered
arrays by simple homopolymer removal (i.e., dissolution of PMMA in a PS-
PEO/PMMA blend) as described above [40]. This combination of solvent
annealing and selective dissolution elegantly shows that by simple manipu-
lation of block copolymer thin films, nanoporous materials can be generated
with narrow pore size distributions and remarkable long-range order.

The solvent exposure techniques described above, the UV degradation of
PMMA, and the removal of PMMA homopolymer by simple dissolution all
require the use of solvents (wet etching techniques). In 2002, Asakawa et al.
demonstrated that dry-etching techniques could be used to selectively re-
move the PMMA phase from PS-PMMA block copolymers, leaving pores in
the material that could be used to generate nanoscopic features in the un-
derlying substrate [46]. Using PS-PMMA block copolymer/PS homopolymer
blends, these authors generated thin films of PMMA spheres in a PS ma-
trix on hydrophobically modified silicon wafers. A rather detailed account of
preparing these films with different molecular weights and compositions was
presented. Given the disparate resistance of these two materials to oxygen
plasma reactive ion etching (O2-RIE), nanoporous films could be generated
by the selective removal of the PMMA phase. This was demonstrated by the
following three step process: O2-RIE (selective removal of the PMMA), CF4-
RIE (selective etching of the underlying Si), and extended O2-RIE (complete
removal of the entire polymer). The resulting pitted Si surfaces provided ev-
idence for a nanoporous PS intermediate. The authors tout this three-step
process (“coat, anneal, and etch”) as a very simple method for generating
nanoscale patterns. In fact, the same year Naito et al. used a related procedure
to manufacture a 2.5-inch disk patterned with magnetic nanodots [47, 48]. In
that work a PS-PMMA block copolymer was spin cast onto a substrate with
circumferentially patterned grooves. Removal of the PMMA by O2-RIE etch-
ing was followed by filling with a “spin-on-glass” (SOG), a solution consisting
of predominantly methyl siloxanes (OCD Type-7, Toyko Ohka) [49]. The spin-
on-glass filled holes were reported to act as masks for subsequent ion beam
milling. The resulting structures were well-aligned arrays of magnetic nano-
dots (40 nm in diameter) in the pre-patterned groves of the disk. Magnetic
characterization of the dots by conventional magnetometry and magnetic
force microscopy after both ac and dc erases confirmed single magnetic do-
mains. The technology described in this publication was described by Park
et al. as “likely one of the first commercial applications of block copolymers
in nanotechnology” [7].

In 2004, Olayo-Valles et al. described a related dry-etch processing of
self-assembled block copolymer films to generate porous materials for use
as magnetic material templates [50]. These authors employed thin films of
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PS-polylactide (PLA) block copolymers spin coated on a variety of substrates
(SiO2, Al2O3(0001), MgO(100), GaAs(001), and Cu) that formed PLA cylin-
ders in a matrix of PS. Upon thermal annealing the PLA cylinders in these
thin films oriented perpendicular to the substrate surface in all cases. This
orientation was argued to be the result of no preferential wetting by either of
the components at the air-polymer interface due to the similarity in the sur-
face energies of these two polymers. By simple exposure to aqueous base, the
PLA phase was etched leaving pits in the film (confirmed by SEM and AFM).
However, the aqueous treatment led to delamination of the thin film. To cir-
cumvent this problem, these authors stained the films with RuO4 vapors,
a selective stain for the PS phase. Upon exposure of these films to an O2-RIE
the Ru-stained PS etched very slowly (the putative ruthenium oxides formed
presumably act as an etch stop) relative to the PLA cylinders (in this example
unstained PS and PLA had nearly the same etch rates). Porous thin films re-
sulted, and molecular beam deposition of metal onto these masks followed by
template lift off gave nanodot arrays of, for example, Ni80Fe20 (Fig. 12). This
magnetic nanodot array exhibited enhanced coercivity and reduced square-
ness as determined by magnetometry (isothermal hysteresis loops). Since this
processing can be done on crystallographically oriented substrates, the gener-
ation and study of epitaxial nanodot arrays was envisioned.

Two papers appeared in 2004 describing an interesting combination of
“phase-selective” crosslinking chemistry and polymer degradation to gen-
erate nanoporous thin films from patternable block copolymer systems. Du
et al. demonstrated the generality of this approach using three different
(but related) block copolymer systems [51]. One of these, a poly(α-methyl
styrene)-poly(4-hydroxy styrene) [PαMS-PHOST] system, was described in
more detail by Li et al. [52]. The overall idea in this approach is to obtain
spatially controlled nanopores in thin films using combined lithographic and

Fig. 12 SEM image of a a RuO4 stained PS-PLA film and b a Ni80Fe20 nanodot array
formed from the resultant nanoporous PS template. Reproduced from [50]
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polymer degradation methodologies (Fig. 13). Thin films of PαMS-PHOST
(prepared by anionic polymerization and postpolymerization modification)
containing a PHOST-selective crosslinking agent (tetramethoxymethylgly-
couril) and a photoacid generator (triphenylsulfonium trifluorosulfonate)
were prepared by spin coating. Cylindrical domains of PαMS oriented per-
pendicular to the substrate surface were observed. Because of the high Tg
of the PHOST and the low ceiling temperature of the PαMS, UV irradiation
of these films (to generate free radicals) at 80 ◦C led to depolymerization
of the PαMS. By combining the lithographic characteristics of the PHOST
block with this degradation of the PαMS, the authors were able to show
that micron-sized patterns of the PHOST-PαMS block copolymer could be
generated by a standard lithographic process (negative-tone photoresist tech-
nology). In a second step, the block copolymer patterns could be rendered
nanoporous by depolymerization of the PαMS phase. AFM images showing
the precise control enabled by this approach are shown in Fig. 14. This mar-
riage of lithography and nanoporosity generation is quite powerful and will
likely find use in various applications as described by the authors.

A unique methodology for the generation of nanoporous thin films using
supercritical carbon dioxide (scCO2) for potential nanolithographic applica-
tions was introduced in 2004 by Li et al. [53]. In this work, thin films of
PS-poly(perfluorooctylethyl methacrylate) [PFMA] were spin-cast onto sili-

Fig. 13 Nanofabrication process for obtaining spatially controlled nanopores. Reproduced
from [52]
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Fig. 14 AFM images showing photopatterned lines of nanoporous materials. A is for a film
thickness of 39 nm and B is for a film thickness of 127 nm. Reproduced from [52]

con wafers and shown to contain PFMA “nanodomains” (likely a single layer
of spherical inclusions of PFMA in a continuous PS matrix). The films were
then treated with scCO2 at elevated temperature resulting in selective swelling
of the CO2-philic PFMA domains and an overall increase in film thickness.
After an appropriate temperature quench, the PS matrix vitrified and subse-
quent depressurization led to empty nanocells “coated” with the low surface
energy PFMA. After a RIE step, “pitted” thin films were obtained with 1010

cells per cm2 (diameters of approximately 30 nm). These structures can, in
principle, be used as nanolithographic masks, low-dielectric films, or nanore-
actors. The authors also described how to control the size of the nanocells by
simply controlling the scCO2 pressure, allowing for a relatively simple tuning
protocol. This process for generating nanoporosity in block copolymer thin
films is quite unlike any other since the voids are templated by both a dis-
crete phase segregated material and an added, selective “solvent”. The scCO2
not only allows for expansion of the film, but also acts as a porogen of sorts.
This methodology was also expanded to monolithic nanoporous materials as
described below.
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4
Nanoporous Membranes for Separation and Photonic Applications

Following on their work in 1997 [20], Liu et al. reported the formation of
nanoporous membranes from ABC triblock copolymers of PI-PCEMA-PtBA
in 1999 [54]. A blend of this triblock copolymer and PtBA homopolymer was
prepared and the morphology analyzed by TEM. The TEM images generated
were not definitive, but the authors suggested a morphology in which at least
the PtBA domains form a continuous network through the entire film thick-
ness (in the microtomed samples). Crosslinking the film by UV irradiation
lead to materials that could be “voided” by removal of the PtBA homopoly-
mer (also employed by Jeong et al. in [40]), and/or hydrolysis of the tert-butyl
esters. After extraction of the PtBA homopolymer, TEM analysis suggested
that pores were generated in the material. A tortuosity of the pore structure
was suggested. Films in which the homopolymer PtBA was removed by sim-
ple dissolution or by both PtBA removal and ester hydrolysis were evaluated
in both gas and water permeability measurements. The water permeability of
these films was only observed in very thin samples, but gas permeability was
documented in thicker samples for a variety of gases. The main conclusion
from these measurements was that the films were remarkably more perme-
able than, for example, polyethylene (6 orders of magnitude increases) and
that gas molecules permeated the membranes according to a Knudsen flow
model as evidenced by a linear relationship between the permeability of the
films and the square root of the gas molecular mass. While detailed morpho-
logical analysis of this system was not presented in this manuscript, the data
reported importantly established the efficacy of this type of membrane for
potential separation applications.

In 1999 Liu et al. published a paper in which they showed that porous
membranes generated by the same methodology they reported in 1997 [20]
could be used as selective permeation membranes and “nanoreactors” for
the formation of inorganic nanoparticles [55]. The PtBA-PCEMA material
used in this publication formed nanoscopic cylinders of PtBA in a ma-
trix of PCEMA. Crosslinking the PCEMA and hydrolysis of the PtBA gave
nanoporous membranes (definitive SAXS and TEM analysis were presented).
In the dry state actual voids were observed by TEM; when exposed to water
the voids contained swollen polyacrylic acid chains. Thorough characteri-
zation of these membranes was presented. Interestingly, the permeability of
these porous membranes showed three distinct regions depending on pH. At
both high (13) and low (1) pH the membranes exhibited high permeability,
but at intermediate pH values (3), the membranes showed quite low permea-
bility (several orders of magnitude lower). The authors present arguments
for these observations based on gel formation, high chain grafting density
and water solvation. Also, the impact of ionic strength and the influence of
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divalent cations on the permeability were demonstrated. In fact, a 1 M solu-
tion of calcium chloride did not pass through the membrane. Polyacrylic acid
crosslinking was implicated. On the basis of these results, the authors suggest
that these membranes could be used as sensors or “chemical valves”. Some
of this data was also presented in a related publication a year earlier [56]. In
that publication, Liu et al. made a brief comment about the size selectivity of
related membranes by the exclusion of crosslinked PS-PCEMA micelles.

In 2001, the aforementioned PCEMA crosslinking/PtBA hydrolysis method-
ology was expanded to include the preparation of nanoporous microspheres.
Using an amphiphilic block copolymer mediated dispersion technique, mi-
crospheres of PtBA-PCEMA were formed, crosslinked (UV irradiation) and
hydrolyzed (trifluoroacetic acid). These dispersible microspheres were ap-
proximately 0.5 microns in diameter and contained carboxylic acid-lined
channels capable of metal ion uptake [57, 58]. In one case, Cu2+ ions were
taken up by the nanoporous, water-dispersible microspheres, and evidence
for stoichiometric binding by the carboxylic acid residues was presented [57].
Stoichiometric uptake of Pd2+ into the nanoporous microspheres was ob-
served in the second example using this approach. Bound Pd2+ inside the
microspheres was reduced to Pd metal, and the hybrid inorganic/organic
nanoporous microspheres were used as dispersible, high surface area cata-
lysts for the hydrogenation of methyl methacrylate [58]. While the authors
point out the limitations of their approach relative to more economical routes
to porous microspheres, the block copolymer approaches, in general, have
the promise of more precise control over pore size, uniformity, and top-
ology. The collective works of Liu and coworkers certainly provide motiva-
tion for the technological development of these nanoporous membranes and
microspheres.

Using a fascinating self-assembled multi-component system containing
a PS-b-poly-4-vinylpyridine (PVP) block copolymer and pentadecyl phenol
(PDP) [59], Mäki-Ontto et al. reported the formation of nanoporous mem-
branes by selective extraction in 2001 [60]. By mixing PDP and PS-PVP block
copolymer, a hierarchical structure consisting of a PS matrix containing hexag-
onally arranged cylinders composed of PDP complexed to the nitrogen donor
on PVP was obtained. In fact, a (“comb-like”) layered structure was formed in-
side the cylinders with the long alkyl chains from the PDP layered with the PVP
chains as substantiated by X-ray scattering measurements. Through shearing
of these nanocomposites the cylindrical structure was oriented in the direction
of flow. By simply subjecting these structures to methanol (a nonsolvent for
PS), a significant fraction of the PDP could be removed by dissolution. Using
X-ray scattering, the authors observed that the mesostructure was present but
evidence for the layered supramolecular assembly within the cylinders was
absent. Importantly, macroscopic (mm3) samples were used in the washing
process rather than the more typical thin films (ca. 10–500 nm) used in the
nanolithographic applications. IR spectroscopic analysis of the putative meso-
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porous structure was consistent with the removal of “almost all” of the PDP.
The SAXS scattering intensity post washing was also consistent with the for-
mation of pores in the material based on electron density contrast arguments.
Unfortunately, no real space images of the samples were given.

In a related publication in 2003, Valkma et al. reported the forma-
tion of porous materials in a supramolecular complex containing PS-
PVP and an alkylsulfonate Zn(II) complex zinc dodecylbenzenesulfonate
[Zn(DBS)2] [61]. A hierarchical structure similar to the PS-PVP:PDP was
produced, but in this case a so-called “lamellar-within-lamellar” structure
was demonstrated. TEM, SAXS and wide-angle X-ray scattering (WAXS) an-
alysis confirmed this structure. Like the structures reported by Lee et al.
in 1988 [13], the layered structures in this publication were quite defected.
Thus, the authors propose that removal of the Zn(DBS)2 by extraction would
not lead to collapse of the resultant porous structure. In fact, subjecting
these samples to methanol extraction gave materials with well-defined SAXS
reflections consistent with a lamellar morphology. By IR spectroscopy, a “sub-
stantial amount” of the Zn(DBS)2 was removed. The TEM images of the
extracted materials without stain clearly showed the lamellar morphology
and excellent contrast was demonstrated (consistent with pore formation and
no pore collapse). By staining with I2 the remaining PVP became dark in the
TEM image, and the contrast inversion was given as evidence for Zn(DBS)2
removal and nanoporosity (Fig. 15). The authors speculate on the exact na-
ture of the pore walls, but all the evidence points to channels that are lined
with “uncomplexed” PVP and the possibility of higher functional membranes
for biological applications was proposed.

Fig. 15 TEM images of methanol extracted samples of PS-PVP: Zn(DBS)2. A unstained
and B stained with I2. Reproduced from [61]
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Building on the self-assembled structures generated from the PS-PVP:PDP
materials described above, Sidorenko et al. developed a related system for the
preparation of porous materials [62]. A mixture of a PS-PVP block copoly-
mer and 2-(4′-hydroxybenzene-azo)benzoic acid (HABA) containing a one to
one mole ratio of acid to pyridine unit was spin cast as a thin film onto a sili-
con wafer (and a gold coated silicon wafer). Depending on the casting solvent,
a cylindrical morphology was observed either with the cylinder axis parallel
or perpendicular to the substrate. The modes of hydrogen bonding between
the pyridine repeating units and HABA were implicated in these orienta-
tion differences. Spinning films from 1,4-dioxane followed by rinsing with
methanol (to remove the HABA) lead to porous thin films with perpendicu-
lar pores. If the films are “solvent annealed” with dioxane before methanol
treatment, the degree of hexagonal order increases significantly. The authors
make the case that the competition for the hydrogen bond acceptors by the
solvent is key to the (rapid) reorientation of the films (i.e., from parallel in
toluene to perpendicular in 1,4-dioxane). After rinsing the perpendicularly
oriented films, the PVP chains can be used to regulate the membrane per-
meation characteristics in principle. By coating the film from 1,4-dioxane on
a gold substrate and rinsing the films with methanol, the channels in the film
can be filled with Ni clusters by electrodeposition. Removal of the film by
simple dissolution in tetrahydrofuran (THF) resulted in an array of Ni nan-
odots. This confirms that the channels make a continuous path through the
films. This methodology appears to be particularly straightforward for the
preparation of nanoporous membranes (Fig. 16).

Lee et al. reported the preparation of nanoporous crystalline sheets of
penta-p-phenylene using a (oligomeric) block copolymer with a cleavable
juncture approach in 2004 [63]. These so-called rod-coil block copolymers
of penta-p-phenylene and PPO can self-assemble to give layered phases that
contain sheets of perforated crystalline penta-p-phenylene in which the per-
forations are filled with PPO [64]. The PPO segment is covalently bound to the

Fig. 16 Preparation of nanoporous membranes from PS-PVP:HABA block copolymer
composites. Reproduced from [62]
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penta-p-phenylene through an ester linkage, and post self-assembly this ester
linkage can be chemically cleaved (e.g., by treatment with potassium hydrox-
ide) thus liberating the PPO and leaving behind the crystalline, nanoporous
and insoluble penta-p-phenylene sheets. Lee et al. showed that this proto-
col leads to layered and nanoporous “supramolecular crystalline sheets” that
contain no PPO (after washing with aqueous HCl and methanol) as confirmed
by solid-state 13C NMR spectroscopy. AFM, SAXS, and WAXS analysis cor-
roborated this structural designation and were consistent with 2.1 nm thick
crystalline sheets (the length of the penta-p-phenylene segment) containing
an in-plane nanopore array. The authors of this work went on to show that
these nanoporous solids were able to efficiently entrap the hydrophobic dye
Nile Red. A hexane solution of Nile Red was mixed with an aqueous disper-
sion of the nanoporous solid and subjected to ultrasonication. Transfer of the
dye from the hexane to the aqueous “subphase” was identified spectroscopi-
cally. Favorable interactions between the dye molecules and the hydrophobic
interiors of the nonporous penta-p-phenylene sheets were implicated.

The ozone etching of a polyisoprene containing triblock copolymer mem-
brane by Hashimoto et al. in 1997 [21] was quoted in a paper on re-
lated work by Avgeropolous et al. the following year [65]. In that work the
authors prepared silicon-containing triblock copolymers directly related to
materials previously prepared (but not structurally characterized) by Hirao
et al. [66] and utilized the differential etch rates of the disparate materials
to prepare nanoporous membranes from a gyroid forming material. Care-
ful characterization of a poly(pentamethyldisilylstyrene)-b-polyisoprene-b-
poly(pentamethyldisilylstyrene) [P(PMDSS)-PI-P(PMDSS)] triblock by TEM
and SAXS showed that the material adopted the gyroid morphology contain-
ing two interpenetrating PI networks in a P(PMDSS) matrix. Subjecting that
material to ozone resulted in the preferential removal of the PI and a porous
structure was generated. Reactive ion etching with O2 also gave nanoporous
materials, but the TEM of those materials was not as clear as in the ozone
etching case. By combining ozone etch susceptibility and latent reactivity of
the Si-containing monomers (as first reported by Lee et al. in 1988 [13]) the
stage was set for the generation of nanoporous materials with both advanced
structure and function.

In 1999 Chan et al. reported on the self-assembly and ozone-mediated
degradation of two P(PMDSS)-PI-P(PMDSS) triblock copolymers [67]. Both
materials adopted the gyroid morphology; one of the triblocks contained PI
networks in a P(PMDSS) matrix and the other formed P(PMDSS) networks in
a PI matrix. After showing (by TEM) that the gyroid structures were formed
in both materials, the authors employed simultaneous ozone treatment and
UV irradiation followed by soaking of the thin (700 nm) films in water. This
protocol led to the removal of the PI blocks and conversion of the P(PMDSS)
to a silicon oxycarbide ceramic. In this way the authors were able to prepare
mesoporous ceramics by a relatively mild process. Both nanoporous and so-
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called “nanorelief ” structures were generated depending on which polymer
precursor was used. The porous films were characterized by AFM, and the
topographical images were compared to computer-simulated images of the
putative porous structures. Using homopolymer P(PMDSS) films, the authors
also demonstrated that the polymer was converted to an oxycarbide (XPS, el-
lipsometry, Rutherford backscattering) and that upon thermal treatment post
ozone/UV treatment the ceramic films were chemically and thermally stable
(400 ◦C for 1 h). While heat treatment on the porous films was not discussed,
the authors suggest that P(PMDSS) struts should be quite strong, and by anal-
ogy, thermally resistant. In the concluding paragraph the authors comment
that these materials could be used in membrane applications, catalysis, and
photonic materials.

Photonic materials are being investigated for their potential optical com-
munication and computation applications, with much focus on the design
and preparation of three-dimensional structures [68]. As Urbas et al. pointed
out in a 2002 publication [69], “Three-dimensional structures offer the most
challenging fabrication problems, and self-assembly can be used to overcome
them.” In that work, the authors reported on the ozone mediated degradation
of a high molecular weight PS-PI block copolymer that forms the bicontin-
uous gyroid morphology. Calculations on the gyroid structure suggest that
it should be a very effective morphology for generating materials with de-
sirable photonic band gaps [70]. By SAXS and TEM the morphology of this
750 kg mol–1 material formed after being cast from toluene over two weeks
(without further annealing) was confirmed to be gyroid with a cubic (Ia 3 d
symmetry) lattice parameter of 258 nm. By exposing a sample of this material
to ozone and UV light, the PI was selectively removed leaving a “relief ” struc-
ture consisting of interpenetrating PS struts. While an image of the material’s
surface showed a clear porous structure, the middle of the sample was not
completely etched (Fig. 17). From reflectivity measurements, both the parent
material and the etched material showed photonic behavior. Unfortunately,

Fig. 17 SEM image of a high molecular weight ozone-etched PS-PI sample that adopted
the gyroid morphology. Reproduced from [69]
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the dielectric contrast needed for a complete band gap was not achieved in ei-
ther material. The authors do point to other self-assembled block copolymer
structures and filling of the voids with high dielectric constant materials.

5
Monolithic Nanoporous Materials

In most of the nanoporous materials described above, thin films of the block
copolymer precursors were employed. This is in large part due to the in-
tended applications of the materials as nanolithographic templates or separa-
tion membranes. Furthermore, in many of the examples, the matrix material
was crosslinked either during or before the removal of the sacrificial com-
ponent. In the last example on the generation of photonic materials [69], the
ozone mediated degradation of the polyisoprene component was incomplete;
although longer etching times were suggested to ameliorate this problem,
the ozone, UV, and RIE methodologies may generically suffer from limited
degradation in thicker/bulk samples. The development of techniques that al-
low for the preparation of monolithic nanoporous materials is desirable for
many applications. Well-ordered mesoporous silica monoliths for optical and
separation applications [71], macroporous polymer monoliths for chromato-
graphic separations [72], and monolithic catalysts for industrial applications
are all examples of contemporary uses of monolith materials [73]. Monolithic
materials with uniform pore size distributions are also used in bioseparations
and as “bioreactors” for biocatalysis applications. Some recent efforts toward
monolithic materials with uniform size distributions have been reported by
Buchmeiser [74]. In the case of block copolymer template routes, the de-
sign and preparation of such nanoporous polymeric monoliths was recently
disclosed.

Zalusky et al. published work on the formation of mesoporous polystyr-
ene monoliths from the selective hydrolytic degradation of a PS-PLA diblock
copolymer [75]. PS-PLA materials were prepared by a two-step synthesis: an-
ionic polymerization of styrene followed by end capping with ethylene oxide,
and polymerization of lactide from the corresponding PS macroinitiator as
reported for the preparation of PI-PLA block copolymers in 1999 [76]. The
block copolymer contained 40 wt % PLA and formed hexagonally packed
cylinders of PLA in a PS matrix. A shear-aligned macroscopic sample of this
material was subjected to a water/methanol sodium hydroxide solution above
the glass transition temperature (Tg) of PLA but below the Tg of the PS. This
resulted in the complete removal of PLA as demonstrated by both NMR spec-
troscopy and size exclusion chromatography (SEC). The resultant porosity in
the material was confirmed by SAXS and SEM. In a simple experiment, the
authors demonstrated that the pores in this macroscopic (monolithic) sam-
ple were accessible by filling the samples with a colored methanol solution.
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This publication established that crosslinking of the polystyrene was not ne-
cessary to support the pore structure in monolith nanoporous samples, that
mild chemical degradation of an aliphatic polyester is a practical methodol-
ogy for the generation of bulk porous samples, and that the hydroxyl group
derived from the juncture of the PS-PLA material decorated the pore walls of
the material.

In a full paper following their 2001 communication, Zalusky et al. de-
scribed the morphology map for PS-PLA, the tunability of pore sizes, simple
methods for cylinder alignment, the type and density of defects in the porous
materials, the high temperature stability of the porous polystyrene, and an
evaluation of the pore wall functional group accessibility [77]. After establish-
ing the temperature dependence of the Flory–Huggins interaction parameter,
χ, for PS-PLA, the morphology map generated revealed no surprising infor-
mation. Cylinders, lamellae, and the bicontinuous gyroid morphologies were
observed as expected for simple coil-coil block copolymers [5]. The cylin-
drical morphology was observed for many PS-PLA samples that contained
between 21 and 43 vol % PLA. The authors reported the use of both recipro-
cating shear and channel die alignment for the preparation of oriented bulk
samples of cylinder-forming PS-PLA materials, and the degree of alignment
was characterized by the second order orientation factor. In fact, the chan-
nel die processing gave materials with the highest degree of orientation. Good
orientation was shown to be important for the generation of bulk porous
monoliths that stayed intact during (and after) the basic degradation pro-
cedure. The pore fidelity was assessed through evaluation of SEM images
acquired along the pore channels (Fig. 18). While defects were observed, the
most common defect was two adjacent and parallel cylinders “merging” to
form one cylinder (analogous to a “fork in the road”). This type of defect re-
sulted in materials that were able to transport material from one side of the
monolith to the other (suggesting there were few “dead ends”). By control-

Fig. 18 SEM images of nanoporous PS from monolithic PS-PLA precursors. a and
b perpendicular to the pore axes c parallel to the pore axes. Reproduced from [77]
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ling the polymer molecular weight, materials with pore diameters from 15 to
45 nm (as determined by SAXS and SEM) were prepared.

In addition to the conventional characterization of the porous materials
described above, Zalusky et al. carefully examined their materials by nitro-
gen adsorption, differential scanning calorimetry and NMR spectroscopy.
BET analysis of the N2 adsorption data was in excellent agreement with the
small-angle X-ray scattering and SEM analysis. The specific surface area of
the material with 22 nm diameter pores was measured by N2 adsorption to
be 111 m2 g–1. Importantly, the N2 adsorption data demonstrated that the
bulk materials contained an accessible array of pores with narrow pore size
distributions, akin to the mesoporous silicas. The pore structure in these
mesoporous polystyrene monoliths was stable up to 94 ◦C, a temperature near
the Tg of PS, by small-angle X-ray scattering analysis. Differential scanning
calorimetry analysis of these monoliths showed significant exothermic tran-
sitions around 95–100 ◦C. The authors suggested that the collapse of the pore
structure at these temperatures leads to “release” of the excess surface en-
ergy, and provide a simple calculation consistent with this hypothesis. Finally,
the synthesis of PS-PLA and subsequent degradation in the bulk materials
should leave a hydroxyl group at the pore surface. The authors calculated an
areal density of hydroxyl groups of 1 OH per 4 nm2 for a sample with 22 nm
diameter pores. These hydroxyl groups could be reacted with trifluoroacetic
anhydride in the porous monoliths (trifluoro acetic anhydride is a nonsol-
vent for polystyrene). NMR and IR spectroscopic analysis confirmed that the
heterogeneous reaction occurred between the hydroxyl groups and the triflu-
oroacetic anhydride, thus confirming hydroxyl group accessibility.

In 2004, Ho et al. published a paper on the morphology and degrada-
tion of PS-poly-L-lactide (PLLA) block copolymers in which the PLLA phase
is reported to form “well-organized, hexagonally-packed nanohelices” [78].
The authors argued that the use of a single lactide enantiomer results in the
nanohelical structure, and “that the appearance of the nanohelical structure
may be attributed to the effect of chirality interacting with the immisci-
bility of constitute blocks ...”. While the majority of this work was on the
structural characterization of this phase, the authors did manage to gener-
ate nanoporous materials by chemical etching (i.e., using an aqueous base as
in [77]) as confirmed by SEM.

The nanoporous polystyrene monoliths generated by the degradation of
PS-PLA block copolymers have the solubility and thermal characteristics of
simple polystyrene homopolymer. The pore structure is lost upon heating
above the glass transition temperature or upon exposure to a good solvent
(e.g., CH2Cl2, THF, or CHCl3). Any potential application of these materials
that requires pore structure stability must work within these limitations. The
versatility of the polymerization scheme for PS-PLA allows for the gener-
ation of other PLA-containing block copolymers and thus other nanoporous
matrices. In 2003 Wolf et al. published a paper on the generation of porous
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polycyclohexylethylene (PCHE) from ordered, cylinder forming PCHE-PLA
block copolymers [79]. These authors used a synthetic protocol directly re-
lated to that used for the PS-PLA materials, but a hydrogenated version of
hydroxyl-terminated PS was employed as the macroinitiator for the lactide
polymerization. Several PCHE-PLA samples were prepared and estimates
of χ suggested that this pair of polymers was much more incompatible as
compared to the PS-PLA couple. Channel die orientation and subsequent
hydrolytic degradation of the PLA gave nanoporous monoliths that, unlike
their PS cousins, were insoluble in pyridine, ethyl acetate, and acrylic acid. In
addition to this improved solvent resistance, the porous structures remained
intact after heating up to approximately 135 ◦C. This superior thermal stabil-
ity can be directly related to the significantly higher Tg of PCHE as compared
to PS (147 vs. 100 ◦C). This work demonstrated that the methodology for gen-
erating mesoporous monoliths as established for PS-PLA was also effective
for other matrix materials.

By employing block copolymers with specific functionality at the block
juncture, that functionality is by default located at the pore wall interface
after degradation of the sacrificial block. In both the PS-PLA and PCHE-PLA
materials described by Zalusky et al. [75, 77] and Wolf et al. [79] the hy-
droxyl group used to form the macroinitiator for the lactide polymerization
remains decorating the pore wall. By specific incorporation of other function-
ality at the block juncture, the chemical groups located on the pore surface
can be tuned. Another methodology for controlling the functionality inside
the pores using the degradation of PLA approach was demonstrated in 2004
by Mao et al. [80]. In that work the authors blended PS-PLA and PS-PEO
block copolymers to form a self-assembled composite consisting of a PS ma-
trix with hexagonally packed cylindrical inclusions consisting of a miscible
PLA/PEO “blend”. PLA and PEO homopolymers are melt miscible and are
both highly incompatible with PS. Thus this AB/AC blending strategy, where
B and C are miscible with one another but both immiscible with A, allows
for the preparation of porous materials with pore walls “coated” with C if B
is degradable and C is not. This is precisely the situation with PLA (B) and
PEO (C). Mao et al. showed, for example, that a binary blend of 90% PS-PLA
(33 kg mol–1, 30 vol % PLA) and 10% PS-PEO (30 kg mol–1, 45 vol % PEO)
forms a hexagonally packed cylindrical microstructure by small-angle X-ray
scattering. This blend showed no evidence of PEO crystallinity by differential
scanning calorimetry suggesting miscibility with the PLA. In related blends
containing even more PEO, no WAXS reflections for crystalline PEO were ob-
served. Furthermore, differential scanning calorimetry analysis for one blend
showed two Tgs; one was for the PS phase (100 ◦C) and a transition at 12 ◦C
was in general agreement with the value predicted using the Fox equation
for a miscible blend of PEO and PLA at the appropriate composition. Upon
degradation of an oriented (channel die processed) sample of the 90/10 blend
with a basic solution, all of the PLA was removed and all the PEO remained in
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the composite. Both one-dimensional and two-dimensional SAXS data con-
firmed that both the alignment and microstructural features were preserved.
SEM of the degraded sample showed that the monolith generated was in-
deed porous. Notably, comparison of the “PEO-lined” nanoporous materials
and the corresponding PS materials (with the sample pore size) showed very
different behavior with respect to water take-up. The parent material with-
out any PEO floated on the surface of water due to its low density. However,
a nanoporous piece with as little as 1.2 wt % PEO imbibed water, thus ren-
dering the material denser than water since the density of PS is greater than
water (i.e., the nanoporous monolith sank to the bottom of the vial). The PEO
coating also rendered these materials much more hydrophilic and unlike the
parent PS sample, water was able to wet the pore walls and fill the nanoscopic
voids. This new strategy for the preparation of functional nanoporous materi-
als from ordered block copolymers could be quite useful for applications that
require the use of aqueous environments (e.g., water filtration, biocatalysis,
inorganic templating).

A new method for the bulk chemical etching of ordered block copolymers
was published in 2003 by Ndoni et al. [81]. In previous examples of PS-PBD
or PS-PI block copolymers that form spherical inclusions of the polydiene,
ozone could be used to degrade this polydiene component leaving spheri-
cal cavities in the films [22]. While this methodology is effective for thin
films, bulk degradation of block copolymers that adopt a spherical morph-
ology had not been demonstrated. That is, even in “accessible” morphologies
like the gyroid, ozone-mediated degradations left undegraded material be-
hind [69]. Using a PS-polydimethylsiloxane (PDMS) block copolymer that
formed either the bicontinuous gyroid morphology or spherical morphology,
Ndoni et al. were able to generate porous materials using an anhydrous HF
etch. The byproducts from this etching procedure are volatile and can simply
be removed by evacuation. The NMR spectroscopy, SEC, and XPS evidence
obtained on the degraded samples were all consistent with near complete re-
moval of the PDMS phase. SAXS measurements showed that (i) the intensity
of scattering X-rays increased substantially; and (ii) the ordered state sym-
metry of the degraded sample was the same as the undegraded materials.
Both AFM and SEM images support the formation of nanoporous materials
for the spherical samples. While some minor crosslinking of the PS phase
was observed, the HF treatment was quite selective for the removal of the
PDMS phase. Importantly, by using this procedure, bulk (i.e., not thin film)
spherical samples were effectively degraded, thus opening up opportunity for
generating interesting bulk closed cell “nanofoams”.

In 2004 Yokohama et al. described the preparation of closed nanocellular
monoliths using a unique scCO2 processing step applied to a PS-PFMA block
copolymer analogous to that used in thin films by the same group (and as
described above and in [53]) [82]. Monolithic (100 µm thick films) samples
of a PS-PFMA block copolymer were shown by SAXS and surface force mi-
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croscopy to adopt a spherical domain structure (PFMA spheres in a matrix of
PS) with “only short-range order”. After exposure of these samples to scCO2
at 60 ◦C and various pressures (10–30 MPa), the samples were quenched to
0 ◦C and the carbon dioxide was slowly vented. At high temperature, this
process both plasticizes the PS phase and leads to selective segregation of
carbon dioxide into the PFMA phase. After the sample is quenched to 0 ◦C,
the continuous PS phase vitrifies, and the PFMA domains remain swollen
with CO2. Careful depressurization leads to closed cell nanofoams as shown
in Fig. 19. SEM and complementary SAXS analysis confirmed the structures.
The authors reasonably proposed that the PFMA chains are coating the in-
sides of the cells post depressurization. The sizes of the nanocells and there-
fore cell density can be tuned by the CO2 pressure utilized in the processing
step. “Nanofoams” with cell diameters between 10 and 30 nm, domain spac-
ings between 20 and 40 nm, and cell densities between 1 and 5× 1016 cm–3

were prepared. In one example, an optically transparent foam containing 50%
void volume with 30 nm diameter cells and a refractive index of 1.23 was
prepared. This is a remarkable achievement, and future applications of these
novel materials are anticipated.

In the 2003 publication by Ndoni et al. the authors suggested that using
the HF etching procedure on a polydiene-PDMS material would be “highly
desirable”, and that “Preliminary experiments with polydiene-PDMS block
copolymers are showing encouraging results.” [81]. About a month after this
paper was published two papers were submitted within two weeks of each
other (and subsequently published) on the formation of nanoporous materi-
als from crosslinked polydiene materials containing a degradable component.
Hansen et al. reported the crosslinking of ordered samples of polyisoprene-b-
polydimethylsiloxane (PI-PDMS) by dicumyl peroxide [83]. Upon crosslink-
ing the SAXS data suggested that the material was less ordered or even
disordered due to the high crosslinking temperature relative to the order-
disorder transition and/or because the crosslinking agent was acting as a sol-

Fig. 19 SEM image of a cryofractured nanocelluar sample of PS-PFMA post CO2 process-
ing. The scale bar is 100 nm. Reproduced from [82]
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vent that reduced the order-disorder transition temperature. After crosslink-
ing, approximately 35% of the PI double bonds remained as determined by
solid-state 13C NMR spectroscopy. Crosslinked samples were then subjected
to either HF (as in the case with the PS-PDMS samples [81]) or tetrabutyl
ammonium fluoride (TBAF). By solid-state 13C NMR spectroscopy, approxi-
mately 25% of the PI double bonds remained and complete removal of the
PDMS phase was confirmed. In the case of crosslinking at lower temperatures
and TBAF degradation, small-angle scattering data consistent with the forma-
tion of hexagonally packed cylindrical cavities (weak higher order reflections)
were observed. The authors comment that “direct space” imaging will likely
corroborate their SAXS scattering data.

Using essentially the same block copolymer, crosslinking agent and degra-
dation media, Cavicchi et al. reported the formation of porous PI monoliths
from ordered, aligned, and crosslinked PI-PDMS materials [84]. A blend con-
sisting of 70% PI-PDMS (Mn = 29 kg mol–1, PDI = 1.06) and 30% dicumyl
peroxide was aligned at room temperature in a channel die and then heated
in an evacuated chamber for 2 h at 150 ◦C. The crosslinked material was then
subjected to a 1.0 M solution of TBAF in THF. Appropriate control samples
were also generated. Both gravimetric and infrared spectroscopic analyses
were consistent with complete removal of PDMS upon treatment with TBAF.
Small-angle X-ray scattering of the crosslinked materials and the degraded
materials confirmed that both samples definitely showed oriented, hexag-
onally packed cylindrical morphologies. SEM images of the materials post
TBAF treatment confirmed the porous structures. The authors commented
on the large Laplace pressure that exists in nanoporous materials and how
that pressure can lead to pore collapse in low modulus materials. By com-
paring the theoretical limit for pore collapse in crosslinked polyisoprenes,
Cavicchi et al. showed that above a critical crosslink density, the nanoporous
PI samples were stable. However, at lower crosslink densities, the degraded
samples did not show any features in the small-angle X-ray scattering data
consistent with pore collapse. Motivated by the work of Cavicchi et al., Mu-
ralidharan and Hui developed a model aimed at understanding the origins
of and the criteria for stability in nanoporous materials [85]. Briefly, they
showed that collapse of an isolated long cylinder depends only on one param-
eter α, a function of surface free energy, matrix modulus, and pore radius.
This work should be considered when designing new nanoporous materials.

Interestingly, the structure of the crosslinked nanoporous PI materials re-
ported by Cavicchi et al. [84] could be reversibly manipulated through solvent
swelling. Swelling a porous sample in toluene led to an increase in the do-
main spacing as compared to the original sample. Removal of the toluene by
drying resulted in recovery of the original spacing. An argument based on
interfacial tension decreases is given to account for the change. Both of the PI-
PDMS examples described above show that with appropriate care, crosslinked
elastomeric block copolymers can be degraded to give the corresponding
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nanoporous rubbers [59]. These have potential as functionalizable porous
materials (through the remaining double bonds in the crosslinked PI) [83]
and/or as size selective membranes [84].

6
Nanomaterial Applications

Given the variety of methodologies described above for the generation of
ordered nanoporous materials from ordered block copolymers, the range of
potential applications is quite extensive. By far the most developed applica-
tion is in nanolithography (Sect. 3), but recently there have been several re-
ports describing interesting and potentially useful application of nanoporous
materials prepared by selective removal of the minority component of a block
copolymer. For example, in 2003 Misner et al. used a nanoporous thin film
generated from the removal of PMMA from an ordered and aligned PS-
PMMA block copolymer to sequester CdSe nanoparticles by a straightfor-
ward solution deposition process [86]. A film of nanoporous polystyrene with
hexagonally packed holes 17 nm in diameter and 29 nm deep was dipped into
a heptane solution of tri-n-octylphosphine oxide coated CdSe nanoparticles
(5 nm in diameter). By capillary action the nanoparticles were swept into the
pores (pits) upon removal of the film. The size of the particles, withdrawal
rate, and particle concentration all impacted the final composite material.
Reasonably, as the concentration of the particles increased so did the aver-
age number of particles per pit. At constant particle concentration, the faster
the withdrawal, the larger the number of particles found on the surface of
the film relative to in the pores. The authors went on to show that using
10 nm diameter particles, most of the pores were filled with only one particle;
with smaller particles pores were generally filled with more than one particle
(Fig. 20). In all cases the CdSe retained their photoluminescent properties
post pore filling. In the concluding paragraph of this publication the authors
outlined the salient features and remarkable potential of this simple process
for manufacturing complex structures using relatively simple methods. As
the authors noted “Directed self-assembly and deposition processes will be
necessary for the fabrication of complex devices based on nanoscopic mate-
rials”.

Kim et al. described an effort toward the fabrication of nanostructured
devices utilizing nanoporous materials from ordered block copolymers in
2003 [87]. Using polystyrene films with 20 nm diameter pores (generated
from PMMA-PS block copolymers), Kim et al. attempted to replicate the
pattern using polydimethylsiloxane as an elastomeric mold [88]. By sim-
ply coating a PDMS prepolymer on the nanoporous PS substrate and then
crosslinking the PDMS, a negative replica of the nanoporous pattern was gen-
erated as confirmed by AFM. The PDMS film had an array of depressions
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Fig. 20 CdSe nanoparticles residing in the pores of a template prepared from a PS-PMMA
block copolymer. Reproduced from [86]

resulting from the inability of the PDMS precursor to wet the polystyrene
pores. A simple surface tension argument was used to account for the size
and shape of the depressions. Using vacuum crosslinking, a co-solvent, or an
electric field, the PDMS prepolymer was effectively drawn into the pores thus
producing positive replicas of the nanoporous PS film. However, while the
AFM images of the PDMS stamps did show evidence of reproduction, none of
these methods resulted in complete filling of the pores or perfect replication.
In all cases the heights of the hemispherical caps or discs were only a fraction
of the pore depths. Even so, these PDMS replicas may be useful as stamps in
so-called “nano-contact” printing.

In 2004, Ha et al. described the use of nanoporous PCHE (generated from
PCH-PLA block copolymers [79]) as a nanoconfined crystallization chamber
for the selective growth of crystalline polymorphs [89]. Controlling crystal
polymorphs is important in, for example, the pharmaceutical industry. By
using confined crystallization processes, it may be possible to control poly-
morphism through simple control of the pore size. A pharmaceutical precur-
sor with six known polymorphs was crystallized from pyridine in the pores of
a PCHE monolith containing hexagonally packed 30 nm diameter cylindrical
pores. Only one of the crystalline polymorphs was obtained (yellow prisms)
along with an amorphous fraction. Heating the monolith to 120 ◦C afforded
only red prisms in the pores of the monoliths. In the absence of the PCHE
monoliths, yellow needles are the preferred polymorph. Thus, nanoconfine-
ment in the pores of a nanoporous material generated from an ordered block
copolymer appears to control polymorphism. This work was followed by a de-
tailed account of the thermotropic properties of nanocrystals embedded in
related nanoporous materials [90]. Simply dissolving the monolith could in
principle liberate nanocrystals of an otherwise difficult to obtain polymorph,
providing motivation for practical applications.

In another templating methodology, Johnson et al. used both PS and
PCHE monoliths as nanotemplates for the generation of nanoscopic CdS
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Fig. 21 SEM image of polypyrrole nanowires prepared using a nanoporous PCHE tem-
plate. Reproduced from [91]

and polypyrrole, respectively [91]. Both nanoporous templates were prepared
from the corresponding polylactide-containing block copolymers by estab-
lished procedures [77, 79]. In the case of the CdS, polystyrene monoliths were
first impregnated with cadmium(II) acetate. Upon exposure of the monoliths
to a sulfur source, CdS nanoparticles were generated directly inside the pores
of the material as evinced by WAXS and TEM. The size of the CdS particles
was controlled by the pore size in the monolithic template. The nanoporous
structure was not compromised during the synthesis of the CdS particles.
Benzene thiol capped CdS could also be prepared inside the porous materi-
als using a related procedure. Nanoporous PCHE monoliths were also used
to template the formation of polypyrrole nanowires. In that example, the
authors filled the PCHE monoliths with a solution of FeCl3 and after drying
exposed the materials to pyrrole vapor. Oxidative polymerization of pyrrole
ensued within the nanoporous templates. After removal of the PCHE tem-
plate, nanowires of polypyrrole were observed by SEM (Fig. 21) and TEM.
The diameter of the wires could be controlled by the size of pores in the
monolith. These two “proof of principle” nanomaterial template syntheses
demonstrate the utility and versatility of nanoporous materials from block
copolymer precursors.

7
Summary and Outlook

In this review I have attempted to give a comprehensive overview of the pub-
lished work on nanoporous materials prepared from ordered block copoly-
mers. Given the numerous successful demonstrations of the block copolymer
strategy in the design, synthesis, and applications of nanoporous materials,
this methodology holds a great deal of promise for the “bottom-up” en-
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gineering of nanostructured materials. While nanolithographic applications
predominate the application examples, new developments in chemistry, block
copolymer processing, and degradation techniques will lead to a significant
increase in the breadth of applications in membrane separations, nanotem-
plating, and high-surface-area catalysis. It is my opinion that since the work
of Nakahama in 1988, progress in the field has certainly been significant,
the future will prove equally exciting and new, unforeseen applications of
these materials will emerge. While there are many avenues of research in
nanoporous materials from block copolymers that remain unexplored, I point
out three specific areas that are particularly appealing to me.

The first is in the area of ABC triblock copolymers [92, 93]. These com-
plex materials offer two appealing attributes: morphological complexity and
the potential for added functionality. While the four equilibrium morpholo-
gies found in diblock copolymers have proven to all be useful precursors
to nanoporous material, the morphological zoology of ABC triblocks is far
more diverse [94]. This is particularly true with respect to multiply contin-
uous morphologies such as the core-shell-gyroid [95–97], O70 [98, 99], and
alternating gyroid morphologies [100]. The principles associated with access-
ing multiply continuous phases in ABC triblock copolymers are now being
actively developed, and rules for accessing these phases are emerging [101].
Of course for membrane separation applications, having multiply continuous
phases offer the key advantage that orientation of the morphology is not im-
portant for the effective preparation of a separation membrane. Furthermore,
as pointed out by Urbas et al. [69], there are cubic morphologies adopted by
ABC triblock copolymers that would be ideally suited for the preparation of
nanoporous photonic materials.

In AB diblock copolymers as nanoporous material precursors, generally
one block becomes the matrix and the other is sacrificial. In ABC tri-
block copolymers the “extra” block can be designed to add functionality.
For example, in an ABC core-shell-cylinder morphology with a degrad-
able core (C), the polymer that forms the shell (B) is now coating the
pore wall. Depending on the structure of B, specific functionality can be
incorporated either in the ABC parent material or be functionalized post
degradation of C. My group has made progress in this area using PS-
poly(N,N-dimethylacrylamide)-PLA [102], PS-PI-PLA [103] and PS-PVP-
polycaprolactone [104] ABC triblock copolymers. The AB/AC blending
strategies described by Mao et al. [80] are related to this approach, with the
main idea being to incorporate additional functionality into the nanoporous
material.

In the second area, improvements to the thermal and mechanical stability
of nanoporous materials from ordered block copolymers should be targeted.
To expand the application base for these materials, high temperature stabil-
ity is a key requirement. For example, in templating applications that require
elevated processing temperatures in either thin films or monolithic materials
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the stability of the pores is of critical importance. In the case of nanoporous
PS [77] and PCHE [79] from PS-PLA and PCHE-PLA diblock precursors, the
porous structure is not stable once the Tg of the matrix material is approached.
Of course crosslinking of the matrix phase will enhance the stability. However,
the potential downside of crosslinking strategies is that the matrix material
becomes intractable and insoluble. For the template synthesis of nanoscopic
materials, simple removal of the template by dissolution facilitates the use
of un-crosslinked block copolymers for this application. High Tg matrix ma-
terials should be sought after as a remedy for this situation. Also, while no
systematic study of the mechanical properties of nanoporous materials from
ordered block copolymers has been reported, anecdotally these materials can
be quite brittle, especially in the case where relatively unentangled PS is the ma-
trix. In 2004, Lu et al. reported the formation of mechanically robust, porous,
and nanostructured polysufone membranes using a PtBA grafting/hydrolysis
approach [105]. Later that year, Liu et al. published a paper describing the sepa-
ration performance of these membranes [106]. Approaches akin to this that are
designed to give robust, well-ordered, and uniform nanoporous materials are
intriguing and certainly worthy of further exploration. In any event, designing
AB diblock copolymers wherein the matrix phase exhibits a higher degree of
toughness relative to the typically stiff, but brittle thermoplastics currently em-
ployed will be an important undertaking. While many crosslinking chemistries
have been developed, the impact on the resultant properties of the nanoporous
films has not been thoroughly explored. Interestingly, crosslinking chemistry
for the matrix phase based on thermolysis of benzocyclobutane moieties along
the backbone of a PS matrix phase with PLA as the degradable component is
currently under development for thin film applications [107]. The influence of
this crosslinking chemistry on both film and bulk mechanical properties in the
resulting nanoporous materials will be revealing.

Finally, while several different degradation techniques have been shown to
be effective for preparing nanoporous materials from ordered block copoly-
mer precursors, new degradation techniques should be explored. While in
the work of Hedrick et al. [17] thermal degradation of a sacrificial block
in microphase separated polyimides has proven to be quite effective for the
preparation of low k dielectric materials, the formation of cylinder-forming
nanotemplates using a related technique would be difficult given the nature of
the step-growth condensation polymerization utilized to prepare these mate-
rials. Furthermore, small molecule byproducts generated by thermolysis can
plasticize and thus soften the matrix material upon removal, and this can
lead to pore collapse [85]. An AB diblock copolymer in which B can be ther-
mally degraded at low temperature and give low-molecular-weight fragments
that are both volatile and relatively insoluble in the matrix material is a desir-
able target. Along these lines, the thermal degradations of PαMS as described
by Du et al. [51] and Li et al. [52] are the first published reports of a well-
defined self-assembled block copolymer in which the minority component
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can be cleaved thermally leaving a nanoporous matrix. I believe that this
will likely become an important methodology for generating nanoporosity,
and extensions of this and related techniques to other systems is anticipated.
Other mild degradation techniques based on aqueous etches should also be
investigated. By avoiding organic solvents, processing of both thin films and
bulk, monolithic materials will become more accessible, practical, and ver-
satile for various applications. In all of the above degradation examples, the
methodologies utilized cleave many backbone bonds on the degradable seg-
ment. For example, in PLA hydrolysis ester bonds all along the backbone are
cleaved, in PMMA degradation by UV irradiation many carbon-carbon back-
bone bonds are cleaved, and in the ozonolysis of polydienes this is also true.
In fact, only the covalent bond that connects the two incompatible blocks
needs to be broken. The homopolymer can then be removed by simple dis-
solution in a good solvent for the cylinder-forming block and a bad solvent
for the matrix material. This was nicely demonstrated by Lee et al. in their
work with penta-p-phenylene as described above [63]. Work in this area has
also appeared using a photocleavable anthracene dimer linker between PS
and PMMA [108]. Methodologies such as this can facilitate removal of the
minority component in nanoporous material precursors [109].

As I hope this review conveys, the design, synthesis, development, and ap-
plication of nanoporous polymers from ordered block copolymer precursors
is an exciting research arena with both fundamental and practical conse-
quences in the fields of block copolymer science and technology.
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Abstract This article is a review of the chemical and physical nature of patternable block
copolymers and their use as templates for functional nanostructures. The patternability
of block copolymers, that is, the ability to make complex, arbitrarily shaped submicron
structures in block copolymer films, results from both their ability to self-assemble into
microdomains, the “bottom-up” approach, and the manipulation of these patterns by
a variety of physical and chemical means including “top-down” lithographic techniques.
Procedures for achieving long-range control of microdomain pattern orientation as well
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as the combination of top-down and bottom-up patterning to give multilevel control
of block copolymer films are extensively discussed. The level of control over pattern-
ing block copolymers that these strategies afford has enabled recent developments in
nanofabrication including template nanolithography, template nanoparticle patterning,
nanoporous as well as nanoreplicated materials.

Keywords Review · Patternable · Block copolymer · Microdomain · Orientation ·
Nanofabrication
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1
Introduction

The trend towards miniaturization of functional devices in modern technol-
ogy has driven the fabrication and study of nanometer scale periodic struc-
tures to such an extent that the new research fields of nanoscience and nano-
technology have emerged [1–3]. Nanoscience and nanotechnology include
interdisciplinary research between materials science, engineering, physics,
chemistry, and biology. Various techniques have been developed to fabricate
functional nanostructures [4], and the use of patternable block copolymers
has proved to be one of the most fascinating areas because of its simplicity,
elegance, and high productivity [5, 6]. Due to the chemical and physical in-
compatibility of the different segmental components in block copolymers,
these materials tend to self-assemble into a variety of well-ordered nano-
and supermolecular structures, with dimensions almost continuously tunable
from several to hundreds of nanometers [7–11]. These uniform nanometer-
sized patterns are often referred to as “bottom-up” patterns to indicate that
they result from the self-assembly of macromolecules.

Alternatively, nanometer-sized patterns can also be fabricated using litho-
graphic methods, which generate features as small as 50 nm. These tech-
niques are often referred to as “top-down” techniques to indicate that the
final pattern is formed by the reduction of larger structures. Polymers with
block architectures have been investigated for use as microlithographic pho-
toresists since the late 1980s. Most early research focused on polymers having
a silicon-containing block [12] because of their improved etch resistance
and their superior solubility properties. This early work on these silicon-
containing, as well as on fluorine-containing block copolymers, also permit-
ted exploration of unusual developers such as supercritical CO2. Additionally,
block copolymers have been utilized in other top-down processing tech-
niques, such as elastic stamps and “ink” materials for imprint lithography,
and imaging resists for scanning probe lithographic processes.

Both top-down and bottom-up patterning approaches have been used
in various nanofabrication processes to generate polymers with nanoscopic
patterns that can be transferred to other materials. High-resolution nanopat-
terned substrates, patterned nanoparticles, nanoporous monoliths, as well
as nanoreplicated materials have been generated from block copolymer
templates. A well-chosen combination of these two patterning approaches
provides hierarchical control of block copolymer patterns such that self-
assembled nanosized patterns with long-range order and tunable orientation
can be generated within lithographically defined submicron patterns.

This review will discuss two types of patterning approaches that can be
employed with patternable block copolymers. Due to the fact that most
practical applications require block copolymer thin films with large-domain
ordered patterns, particular attention is paid to the optimization of bottom-
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up patterns in block copolymer thin films and the combination of these pat-
terns with top-down approaches to achieve multilevel control of the resulting
patterns. Finally, the use of block copolymers as templates to transfer these
patterns into other materials for use in nanotechnology is also addressed.

2
Bottom-Up Microdomain Pattern Formation

Block copolymer systems can be categorized in several ways. Depending on
their chain configuration, they can be categorized as di-, tri-, star- or multi-
block copolymers. By the nature of their self-assembly interactions, they
can be additionally categorized as coil–coil, rod–coil, semicrystalline–coil or
amphiphilic block copolymers. These various block copolymer systems can
self-assemble to form a variety of different microphases and show different
phase behaviors in bulk, solution and thin film states. Various aspects of the
complex phase behaviors of block copolymers have been presented in previ-
ous chapters in this volume by Abetz et al. and Gohy et al., as well as in several
other excellent books and reviews [8, 13–15]. As such, only a brief overview
of block copolymer phase behavior will be presented in Sect. 2.1 with more
emphasis on categorizing different methods to achieve long-range domain
alignment in Sect. 2.2.

2.1
Self-Assembled Microdomain Patterns from Block Copolymers

2.1.1
Bulk State Phase Behavior

In the bulk state, the phase behavior of block copolymers composed of flex-
ible coil chains is primarily governed by the mutual repulsion of the chem-
ically incompatible and dissimilar blocks as well as the packing constraints
imposed by the connectivity of each block [9, 16]. Coil–coil diblock copoly-
mers are the classic case and extensive theoretical as well as experimental
studies have been conducted to predict and exploit their phase behavior.
The coil–coil diblock copolymer phase diagram is determined by three in-
dependent factors: molecular weight, block composition, and the degree of
incompatibility as expressed by the Flory–Huggins parameter, χ. The mi-
crodomain size of block copolymers is basically determined by the total
molecular weight with resulting morphologies (i.e., microdomain patterns)
expected to be uniform-sized spheres, cylinders, and lamellae as well as com-
plex bicontinuous nanostructures (Fig. 1) [16–18]. With the incorporation
of an additional building block into the system to form triblock terpoly-
mers, more complex morphologies [19–22] are formed or are predicted, and
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Fig. 1 Mean-field predication of the morphologies for conformationally symmetric di-
block melts. Phases are labeled as: S (bcc spheres), C (hexagonal cylinders), G (bicontin-
uous Ia 3 d cubic), L (lamellar). fA is the volume fraction

have been best described by Bates, Matsen, and Abetz et al. [17, 23, 24]. The
incorporation of further architectural complexity into the system, such as
multiblock or star block structures [25, 26], brings more factors into consid-
eration, and thus significantly influences the molecular packing and phase
behavior. Further experimental as well as theoretical investigations are still
needed to clarify the entire picture of these complex systems.

The bulk phase behavior of block copolymers consisting of flexible poly-
mer coils is remarkably rich. However, by partially or entirely switching
a flexible system to one with a rigid rod [10, 11, 27, 28] or with a semicrys-
talline [29, 30] nature, noncovalent interactions such as hydrophobic and
hydrophilic effects, hydrogen bonding, π-stacking, crystallization, electro-
static forces, as well as stiffness asymmetry effects [31] come into play
and greatly complicate the details of the molecular packing and the de-
termination of the thermodynamically stable nanostructures. By balancing
all of the organizing forces, highly ordered patterns have been extended to
a much larger length scale. Unconventional morphologies, such as honey-
comb [32–36], mushroom [37], nanoribbon [38], arrowhead, and “wave
lamellar” [28] have greatly enriched the block copolymer structure library.
Furthermore, the stiff rod segments of these block copolymer systems also
endow, or can be coupled afterwards with, electrochemical [33, 36], photo-
physical [39] or biomimetic [40] functionalities for various nanotechnology
applications.

2.1.2
Thin Film State Phase Behavior

In addition to the previously mentioned driving forces that determine the
bulk state phase behavior of block copolymers, two additional factors play
a role in block copolymer thin films: the surface/interface energies as well
as the interplay between the film thickness t and the natural period, L0, of
the bulk microphase-separated structures [14, 41, 42]. Due to these two ad-
ditional factors, a very sophisticated picture has emerged from the various
theoretical and experimental efforts that have been made in order to describe
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the phase behavior of block copolymer thin films and have been best sum-
marized by Fasolka et al. [14] The picture is further convoluted by the fact
that block copolymer nanofabrication processes have usually been performed
on thin films with asymmetric compositions (such as 2D cylindrical [43] or
3D spherical [44] microstructures). The extra degrees of freedom inherent
to off-symmetric motifs generate very complex systems for both theoretical
and experimental scientists. For example, the thin film microdomain mo-
tif was found to shift from surface-parallel cylinders to volume-asymmetric
lamella [45, 46], due to the interplay between interfacial energies and film
thickness. To fully understand and utilize these off-symmetric block copoly-
mer thin films, continued experiments and systematic theoretical calculations
are required.

2.1.3
Solution State Phase Behavior

One of the characteristic properties of amphiphilic block copolymers in the
solution state is micelle formation in solvents, which are selectively good
for one block and poor for another [8, 15, 47, 48]. At polymer concentra-
tions above the critical micelle concentration, block copolymers stabilize
the solvent-incompatible blocks by forming a core-shell structure, with the
solvent-phobic blocks forming the core to be shielded from solvent, and
the solvent-philic blocks forming the corona, which solubilize and stabilize
the micelles. In semidilute or concentrated solutions, gelation normally oc-
curs and block copolymer micelles organize into a nanostructure-ordered
lyotropic liquid crystal phase [8]. A large variety of block copolymers, includ-
ing nonionic coil–coil [49], rod–coil [32–36] as well as ionic block copoly-
mers [50], self-organize in aqueous or organic solvent solutions. Well-defined
morphologies, such as a 1D lamellar phase, a 2D hexagonal phase of rod-like
micelles, a 3D cubic phase of spherical micelles, as well as a 3D bicontinu-
ous cubic phase [47, 48], have been reported and widely used as templates in
nanofabrication processes.

2.2
Alignment to Control Long-Range Orientation of Microdomain Patterns

The self-assembly of block polymers, in the bulk, thin film and solution
states, produces uniformly sized nanostructured patterns that are very useful
for nanofabrication. Optimal utilization of these nanoscopic patterns requires
complete spatial and orientational control of the microdomains. However, the
microdomains in the bulk state normally have grain sizes in the submicron
range and have random orientations. In block copolymer thin films, the nat-
ural domain orientations are generally not desirable for nanofabrication. In
particular, for composition-asymmetric cylindrical thin films, experimental
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and theoretical results [46, 51, 52] indicate that microdomains oriented paral-
lel to the substrates are thermodynamically favored when the film surfaces are
preferentially wet by either block, while the microdomains oriented perpen-
dicular to the substrates are more desirable as templates for the fabrication
of high aspect-ratio nanostructures. Therefore, various strategies have been
used for inducing large area orientation of block copolymer microdomain
patterns.

In the bulk state, block copolymer long-range orientation is generally
achieved by mechanical shear, compression, and elongational fields on the
polymer melts or solutions. Steady shear [53–55], capillary extrusion [56],
and extensional flow [57, 58] cause certain domain orientations to be favored
so that nearly single-crystal-like textures have been produced, as exempli-
fied in the roll-casting process [59]. Besides these mechanical orientation
methods, Hashimoto and coworkers [60] have shown that a single, macro-
scopic, lamellar grain of poly(styrene-b-isoprene) (PS-b-PI) block copolymer
can be achieved using an applied temperature gradient. Due to the sharp
temperature gradient ∇T and its slow-moving speed (2 mm/day), the sys-
tem underwent a “zone-refinement”-like process and a single-crystal-like
lamellar grain was grown, with the lamellae normals parallel to the ∇T di-
rection. Amundson et al. [61–63], Böker et al. [64], and Chao et al. [65]
have demonstrated that an electric field is another effective means of orient-
ing block copolymer bulk microdomain structures from polymer melts or
solutions.

In block copolymer thin films, the perpendicular orientation of mi-
crodomains relative to the substrate cannot be achieved by the shear methods
developed in the bulk case. Based on the additional variables (film thick-
ness and surface/interface interactions) in block copolymer thin films, as
described in Sect. 2.1.2, three different strategies are generally applied for
orienting block copolymer thin films:

1. Controlling the substrate physical constraints (topography) and thus the
film thickness

2. Chemical modification of the surface to change the substrate–polymer in-
teractions

3. Applying external fields (electric, thermal, eutectic solidification, crystal-
lization, and solvent evaporation etc.) to induce long-range ordering in
microdomains with desirable orientation.

Processes which employ combinations of these strategies have proved to
be much more effective at yielding uniform long-range ordered patterns
than single strategies. Table 1 describes the methods used to control the mi-
crodomain orientation of a variety of thin film block copolymers [41, 42, 66–
108].
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Table 1 Summary of block copolymers studied in order to control microdomain orienta-
tions in thin film states

Block copolymer Structure Morphology Orientation Ref.
method

Poly(styrene-b-n- Multiple Film thickness [41]
alkylmethacrylate)

Poly(styrene-b-n- Lamella Substrate [66]
butylmethacrylate) topography

Poly(styrene-b- Lamella, Neutral surface [42],
methylmethacrylate) cylinder [67–71]

Poly(styrene-b- Lamella Control [72]
methylmethacrylate) interfacial

interaction

Poly(styrene-b- Lamella Chemical [73–76]
methylmethacrylate) patterned

substrate

Poly(styrene-b- Cylinder Electric field [77–81]
methylmethacrylate)

Poly(styrene-b- Lamella Orthogonal [82]
methylmethacrylate) electric field

Poly(styrene-b- Sphere Graphoepitaxy [83]
methylmethacrylate)
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Table 1 (continued)

Block copolymer Structure Morphology Orientation Ref.
method

Poly(styrene-b- Lamella Directional [84]
methylmethacrylate) crystallization

Poly(styrene-b-2- Sphere Graphoepitaxy [85–87]
vinylpyridine)

Poly(styrene-b-2-vinyl Lamella Chemical [88, 89]
pyridine) patterned

substrate

Poly(styrene-b- Sphere Graphoepitaxy [90, 91]
ferrocenyldimethyl-
silane)

Poly(ferrocenyldime- Cylinder Graphoepitaxy [92]
thylsilane-b-

dimethylsiloxane)

Poly(styrene-b- Cylinder Fast solvent [93]

ferrocenylethyl- evaporation
methylsilane)

Poly(styrene-b- Cylinder Electric field [94]
isoprene-b-styrene)

Poly(styrene-b- Cylinder Directional [84]

isoprene) crystallization

Poly(styrene-b- Cylinder Directional [95]
ethylene) crystallization
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Table 1 (continued)

Block copolymer Structure Morphology Orientation Ref.
method

Poly(butadiene-b- Lamella Crystallization [96–98]
ethyleneoxide)

Poly(styrene-b- Cylinder Fast solvent [99]
butadiene) evaporation

Poly(styrene-b- Lamella, Fast solvent [100]
butadiene) cylinder evaporation

Poly(styrene-b- Cylinder Orthogonal flow [101]
butadiene) field

Poly(styrene-b- Cylinder Directional [102]
isoprene) crystallization

with
Graphoepitaxy

Poly(styrene-b- Cylinder Fast solvent [103]
ethyleneoxide) evaporation

Poly(styrene-b-2- Lamella Fast solvent [104]

vinylpyridine-b-tert- evaporation
butylmethacrylate)

Poly(styrene-b- Cylinder Fast solvent [105]
butadiene-b-styrene) evaporation

Poly(α-methylstyrene- Cylinder Fast solvent [106–108]
b-4-hydroxystyrene) evaporation
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2.2.1
Control of Film Thickness

As described in Sect. 2.1.2, block copolymer thin film phase behavior can be
controlled by the surface/interface energies as well as the interplay between
the film thickness t and polymer natural period L0. Depending on the nature
of the surface interactions, block copolymer thin films can be separated into
two general categories [14, 41]:

1. Symmetric boundary conditions [109–111] in which the energies im-
posed by both film surface/interfaces are identical, such as free-standing
films [45] and thin films confined between two identical substrates [67,
111]

2. Asymmetric boundary conditions [41, 109, 110, 113] in which the two
surface/interfaces of the thin films have different energies, such as
substrate-supported films [66, 68, 114].

Unlike the bulk morphology, block copolymer thin films are often character-
ized by thickness-dependent highly oriented domains, as a result of surface
and interfacial energy minimization [115, 116]. For example, in the simplest
composition-symmetric (1D lamellae) coil–coil thin films, the overall trend
when t > L0 is for the lamellae to be oriented parallel to the plane of the
film [115]. Under symmetric boundary conditions, frustration cannot be
avoided if t is not commensurate with L0 in a confined film and the lamellar
period deviates from the bulk value by compressing the chain conforma-
tion [117]. Under asymmetric boundary conditions, an incomplete top layer
composed of “islands” and “holes” of height L0 forms as in the incommen-
surate case [118]. However, it has also been observed that microdomains can
reorient such that they are perpendicular to the surface [119], or they can take
mixed orientations to relieve the constraint [66].

In the case of t < L0, it has been suggested that perpendicular lamellae
are favored in the boundary-symmetric confined film because they avoid
the entropic penalty associated with the compressed chain conformations
in parallel-oriented microdomains [109]. In boundary-asymmetric substrate-
supported films, various kinds of morphologies, including hybrid morpholo-
gies that combine surface-parallel and surface-perpendicular components,
are predicted, as well as observed, depending on the film thickness difference
and surface/interface energies [14, 41, 120].

The use of top-down lithographic techniques to topographically pattern
substrates and thereby control the film thickness has been used to create
submicron patterns that contain oriented microdomains. This approach is
generally described as the graphoepitaxy method and will be discussed in fur-
ther detail in Sect. 4.1, with other methods which use top-down approaches to
control the bottom-up block copolymer patterns.
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2.2.2
Control of Substrate–Polymer Interactions

For diblock copolymer films composed of cylindrical or lamellar mi-
crodomains, the interfacial interactions dictate the wetting layers at both
the substrate and surface interfaces and, consequently, the orientation of the
microdomains in the film [41, 45, 67, 109–113, 115, 116]. Therefore, various
strategies have been utilized to control the interfacial interactions to achieve
large-area microdomains with desirable orientations.

One way of achieving a perpendicular orientation of microdomains is to
remove or balance all interfacial interactions, i.e., use nonpreferential or neu-
tral surfaces (Fig. 2). Under these conditions, a perpendicular orientation is
favored over a parallel arrangement because of an entropic effect [69, 121].
Genzer et al. [122] and Peters et al. [72] demonstrated control of interfacial
interactions by the modification of self-assembling monolayer (SAM) sub-
strates. Symmetric, neutral, and asymmetric wetting of the block copolymer
thin films on the modified SAM substrates can be created to direct the block
copolymer thin film orientations. Kellogg et al. [67] achieved the same objec-
tive by placing random copolymers, consisting of the same monomeric units
as the diblock copolymer, at the confining surfaces. In order to avoid potential
diffusion of the random copolymers into the confined diblock layer, Man-
sky et al. [42, 68–71] anchored brushes of random copolymers of PS-r-PMMA
to silicon substrates, and capped surface-philic perfluorodecanoyl-terminated
PS-r-PMMA random copolymers at the PS-b-PMMA block copolymer/air in-
terface. The compositions of the random copolymers were tailored so that
neutral surfaces could be achieved at both substrate and air interfaces. Sym-
metrical lamellae as well as asymmetrical cylindrical PS-b-PMMA block
copolymer microdomains were found to orient perpendicular to the inter-
faces throughout the entire film thickness.

In addition to the aforementioned methods for controlling substrate–
polymer interactions uniformly across the entire surface, the use of top-down
lithographic techniques to chemically pattern substrates provides spatial con-
trol over these substrate–polymer interactions and therefore provides even

Fig. 2 Schematic representation of control of block copolymer thin film orientations by
adjusting polymer–substrate interactions: neutral interfaces
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greater control over the microdomain orientations. This approach will be dis-
cussed in further detail in Sect. 4.1, with other methods that use top-down
approaches to control the bottom-up block copolymer patterns.

2.2.3
Application of an External Field

External fields have been widely used to align block copolymer microdo-
mains. This approach relies on the ability to couple an external applied bias
field to some molecular or supermolecular feature, and thus achieve direc-
tional control over the microdomains. External fields, such as an electric
field [61–63], mechanical flow field [53–55], and temperature gradient [60],
have been utilized to control the long-range orientation of block copolymers
in the bulk state.

Morkved et al. [77] examined the effect of an electric field on PS-b-PMMA
block copolymer thin film morphology applied across the film through mi-
crofabricated electrodes. In-plane cylinders were found to be aligned par-
allel to the electric field lines after long annealing times. By adjusting
the polymer–electrode interfacial effects, Elhadj et al. [94] also described
an approach for producing a metastable state with polystyrene cylinders
of poly(styrene-b-isoprene-b-styrene) (PS-b-PI-b-PS) triblock copolymers to
orient perpendicular to the electric field lines. Thurn-Albrecht et al. [78–
81] studied this system in further detail and demonstrated that a vertically
ordered cylindrical PMMA microstructure was achieved when the electric
field was applied perpendicular to the film surface (Fig. 3). Through theoret-
ical analysis [79, 123], these researchers also proposed that the driving force
for the alignment is the orientation-dependent polarizability of the original
anisotropic microdomains. Recently, a sequential, orthogonal electrical field
approach [82] has been used to gain biaxial control of microdomain pattern
alignment, and give long-range, 3D ordered lamellar microdomains in PS-b-
PMMA thin films.

Fig. 3 Schematic representation of control over block copolymer thin film orientation by
applying an electric field to orient PS-b-PMMA cylinders perpendicular to the substrate
(taken from [43])
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Application of mechanical stress to a block copolymer thin film can be ac-
complished by processes associated with crystallization and solvent evapora-
tion. Crystallization is one of the most prominent molecular self-organization
processes in nature. Reiter et al. [96] and Hong et al. [97, 98] have explored
the possibility of using it to direct microdomain orientation. After spin-
casting a symmetrical poly(butadiene-b-ethylene oxide) (PB-b-PEO) block
copolymer onto a substrate, Reiter et al. found that crystallization of the
PEO block, combined with a dewetting process, could generate well-aligned
vertical lamella on a substrate over macroscopic distances as a consequence
of directed growth. De Rosa et al. [84, 95] studied the phenomenon of sol-
vent crystallization-assisted orientation of various block copolymers (Fig. 4).
Through eutectic solidification of the block copolymer/solvent mixtures, epi-
taxial growth of the polymer microdomains was achieved by directional
crystallization of a small molecule solvent. Depending on the block copoly-
mer composition, large area surface-perpendicular cylinders or lamella were
obtained.

Fig. 4 Schematic representation of control over block copolymer thin film orienta-
tion by directional eutectic solidification. The scheme shows control of polystyrene-b-
polyethylene (PS-b-PE) block copolymer microdomain orientation through directional
crystallization of benzoic acid (BA). (taken from [95])
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Controlling solvent evaporation of cast thin films has proved to be another
means of inducing a flow field to align microdomain patterns. The evapora-
tion process is typically highly directional, occurring normal to the surface.
Perpendicular orientations of lamella, as well as cylinders, are favored dur-
ing a fast evaporation process in a variety of block copolymer systems [93,
99, 100, 103–108], possibly due to directional internal strain fields [104] as-
sociated with film shrinkage and anisotropic deswelling during the final
stages of solvent evaporation. This anisotropic deswelling likely results from
the solvent moving through high transport pathways formed by the verti-
cal solvent-philic microdomains to the surface, rather than serial transport
through alternating solvent-philic and solvent-phobic layers, which would be
present in the parallel-oriented microdomain case [99, 105]. This process gen-
erates a zone-refinement-like effect which aligns the microdomains in the
vertical direction. Due to the fact that the solvent improves the mobility of
the polymer chains and mediates the surface energy difference of the build-
ing blocks, which make it feasible to form long range oriented microdomain
patterns, nanopatterned surfaces can be rapidly generated by simple spin-
or dip-casting processes with the perpendicular orientation of microdomains
being possible over a wide range of thicknesses. Recently, by pinning a block
copolymer solution droplet on a substrate, Kimura et al. [101] produced two
orthogonal flow fields during the evaporation process: a flow field within the
droplet directed towards the pinned edge, and the evaporation flow field from
the surface to the droplet. Using this approach, ordered arrays of cylindrical
microdomains, highly oriented parallel to the surface, were generated over
large lateral distances.

3
Top-Down Lithographic Patterns with Block Copolymer Resist Materials

The development of top-down lithographic imaging technologies has been
one of the most critical and active areas for the fabrication of new generations
of large-area integrated patterns. Polymeric materials have played an import-
ant role in lithographic processes by allowing the continued reduction of the
minimum feature size through the development of new chemically amplified
resist materials that function at shorter exposure wavelengths. Interestingly,
the lithographic requirements imposed on polymeric resists, such as sensi-
tivity, adhesion, etch resistance, and solvent developability can rarely be met
by simple homopolymers. Copolymers have proved to be useful in this con-
text because they allow the properties of the final material to be tuned by
incorporating different monomers together in a variety of ratios.

The most widely used polymeric resist materials are random copolymers,
in which monomers with different functionalities are randomly distributed in
the polymer matrix so that the final properties are based on the average level
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of each monomer unit. The improvement of one property often requires sac-
rificing another property of lithographic merit. The use of block copolymers
in which each segment has distinct characteristics and which self-organize
into well-defined architectures has provided useful new lithographic prop-
erties. It has been shown that the separation of different functional groups
of a resist material onto different block segments can offer improvements in
dimensional stability, etch behavior, and development characteristics [124].

Besides the isolation of different functionalities, there are additional ben-
efits which accompany the microphase separation of block copolymer re-
sist materials. For example, the efficiency of chemically amplified systems
is highly dependant on the ability of photogenerated acid to diffuse within
the polymer matrix. Designing block copolymer photoresist materials with
polar protecting groups on one block tends to cause the polar photoacid
generator (PAG) additives to be distributed selectively in the polar domain.
As such, the acid diffusion length required for deprotection is shorter, and
the sensitivity of the system is much improved over random copolymers of
the same overall composition [125]. Additionally, incorporation of silicon or
fluorine-containing units into block copolymer resists causes these low sur-
face energy blocks to migrate and enrich the top surface; thereby possibly
acting as a hydrophobic overcoat on the top of the resist and preventing
airborne-based contamination. Finally, the possibility of micelle formation
with these materials facilitates their development in alternative developers
such as supercritical CO2 which is of interest because of its low environmental
impact [126].

In the design of e-beam resists, silicon-containing block copolymers of-
fer many features desirable for high-resolution resist materials, particularly
oxygen plasma etch resistance. Hartney et al. [127] first reported the use of
poly(para-methylstyrene-b-dimethylsiloxane) (PMS-b-PDMS) as a negative
tone e-beam resist. Both DeSimone et al. [128] and Gabor et al. [129] pro-
posed and found that microphase separation and segregation of the silicon-
containing block to the air-resist surface not only increases the dimensional
stability of the patterns, but also improves the oxygen etch resistance.

In the field of scanning probe lithography, Vasilev et al. [130] have de-
scribed a process which uses the heat from the probe of an atomic force
microscope to provide sufficient thermal energy to drive a highly localized in-
situ reorganization of hydrogenated poly(butadiene-b-ethylene oxide) (PB-b-
PEO) mesostructures, giving periodic and nonperiodic hierarchical patterns
on the surface. In imprint lithographic processes, thermoplastic SBS and
SEBS block copolymer materials have been studied as stamp materials [131],
while other block copolymers have been widely used in the solution state
as self-assembled “inks” for the prototyping of patterned functional nano-
structures. These processes can be thought of as another way of combining
top-down and bottom-up patterning approaches, and will be described in
further detail in Sect. 4.1.
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4
Combination of Top-Down and Bottom-Up Approaches
to Give Multilevel Control of Block Copolymer Patterns

Block copolymer nanofabrication can provide large-area periodic functional
patterns or objects with feature sizes on the order of tens of nanometers.
However, in many practical applications, such as multifunctional on-chip
bioseparations, the desired block copolymer microdomains are only required
in specific areas on the substrate while the remaining areas on the substrate
should be entirely devoid of polymer. In order to satisfy this requirement,
a strategy for exerting spatial control over the microdomains is necessary
in addition to the usual formation of simple periodic nanostructures. Also,
it has been demonstrated that multiaxial guiding forces can generate much
improved control of the microstructure order, as compared with a uniax-
ial aligning force. For these purposes, the convergence of the lithographic
top-down approach with block copolymer self-assembly bottom-up nanofab-
rication within the same system has received attention.

There are generally two strategies for achieving spatial control of nano-
structures: first, the substrates are patterned with lithographic techniques to
generate top-down patterns, on top of which the block copolymer bottom-
up nanopatterns can be subsequently directed; second, the convergence of
top-down and bottom- up patterning occurs because the block copolymers
contain all of the necessary functionalities to allow both types of patterning.
We will describe these two general approaches in the next two subsections
and discuss the interesting properties produced by their combination.

4.1
Bottom-Up Block Copolymer Patterns Directed by Top-Down Substrate Patterns

The formation of bottom-up block copolymer patterns within or on top-
down substrate patterns is the basis for so-called templated self-assembly
processes, in which long-range order and orientation of microdomain pat-
terns can be imposed by a template or “guide”. These top-down templates can
take a variety of forms including periodic thickness profiles and chemically
patterned surfaces.

4.1.1
Topographically Patterned Substrate

A graphoepitaxy method has been developed in which a topographic top-
down defined pattern on a substrate is used to direct the epitaxial growth in
an overlaying block copolymer bottom-up nanostructure by creating a peri-
odic thickness profile (Fig. 5). Fasolka and coworkers [66] employed a faceted
silicon substrate, which has sawtooth-profile corrugations in the nanometer
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Fig. 5 Schematic cross-sections of thin film morphologies of the topographic pattern
grown by a graphoepitaxy method. A micropattern with different lamellar domain orien-
tation is shown. a Surface-parallel lamellae, typical of film thickness t greater than the
natural equilibrium period L0. b Surface-perpendicular lamellae, typical of film thickness
t less than L0. (adapted from [41])

scale, in the study of symmetric poly(styrene-b-butylmethacrylate) (PS-b-
PBMA) thin films. A flat block copolymer/air surface was observed in the thin
film, which implies a periodic thickness profile: thinner above corrugation
peaks, thicker above troughs. If the average film thickness is chosen correctly,
such that these thickness modulations occur about a critical thickness at
which a morphological transition takes place, a lateral microdomain pattern
could be developed that mirrors the substrate topology. Through the use of
substrate topography, diverse film patterns with a range of length scales have
been created, which are consistent with theoretical calculations [41, 132, 133].

Segalman et al. [85] demonstrated the epitaxial growth of a spherical
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) block copolymer, spin-coated
and annealed, on patterned mesa substrates. On a mesa substrate with groove
height equal to or greater than the height of one layer of spheres, epitaxial
growth of spherical microdomains was nucleated by the edges of the mesas,
with the geometry of the edge playing a crucial role in determining the grain
orientation and the degree of order in its vicinity [86]. Good long-range order
was formed across the entire substrate when the periodic space of the mesa
edges was comparable with the grain size. Hahn et al. [87] have also studied the
graphoepitaxial deposition of protonated PS-b-P2VP micelles on a patterned
SiO2 surface and generated fairly ordered polymer micelle arrays spanning
a large area. Cheng et al. [90] applied a similar strategy to the graphoepi-
taxial growth of poly(styrene-b-ferrocenyl dimethylsilane) (PS-b-PFS) diblock
spheres on patterned silica substrates. With the groove width comparable to
the polymer grain size, a nearly perfect alignment of polymer spheres with
large area microdomains was formed. Studies of patterned substrate templates
with various topographical confinements, in particular with the incommen-
surability of grooves with an ideal polymer period, have shown that block
copolymers behave elastically and can conform to various groove widths,
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thus leading to arrays with tunable row spacings [91]. In a similar manner,
Massey et al. fabricated oriented nanoscopic ceramic lines from cylindrical mi-
celles of a poly(ferrocenyl dimethylsilane-b-dimethylsiloxane) (PFS-b-PDMS)
block copolymer on e-beam defined resist grooves [92], Asakawa et al. utilized
300 nm groove patterns on a polymeric resist film to align the PS-b-PMMA
microdomains for magnetic data storage applications [83].

In addition to the aforementioned hard substrates, which are normally
defined by interference lithography and subsequent chemical etching tech-
niques, Deng et al. applied soft-lithographically defined PDMS molds onto
PS-b-PFS block copolymer solutions. After the solvent fully evaporated,
the PDMS molds were peeled off and submicron patterns containing block
copolymer spheres were generated on the substrates [134]. By introducing
sol-gel block copolymer solutions into patterned PDMS microchannel molds,
through the soft lithographic techniques of micromolding, micromolding in
capillaries, and microtransfer molding, Yang et al. [135, 136] have been able
to generate patterned mesoscale silica channels that preferred to align along
the axes of the PDMS microchannels as directed by the capillary force. These
patterned mesoporous silica patterns are potentially useful as waveguide ar-
rays and in integrated optical circuit applications. In a similar manner, Fan
et al. [137] demonstrated the utility of sol-gel block copolymers as self-
assembled “inks” for three rapid printing procedures: pen lithography, ink-jet
printing, and dip-coating of patterned self-assembled monolayers, to form
functional, hierarchically organized structures in seconds.

4.1.2
Chemically Patterned Substrate

By modifying the surface/interface energies in a periodic manner, chemically
patterned surfaces have also been widely used to control the orientation of
nanostructures over large areas (Fig. 6). Theoretical [138–145] and experi-
mental [73–76, 88, 89, 146] results have indicated that with the appropriate
surface grating and boundary conditions, lateral control over nanostructures
propagates microns away from the surface (deep into the film), thus providing
true 3D control of the self-assembly process. Russell and coworkers [73, 74]

Fig. 6 Schematic representation of controlling the block copolymer thin film orientations
by using top-down lithography-defined chemically patterned heterogeneous surface
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published the first observation of the orientation of a symmetric PS-b-PMMA
block copolymer cast on a nanoscopic heterogeneous surface composed of
alternating stripes of nonpolar gold and polar silicon oxide. Commensura-
bility of the block copolymer natural period L0 with the substrate stripe
period was found to be essential for production of a surface-directed morph-
ology. When the commensurate condition is fulfilled, the PS and PMMA
blocks are attracted to the gold and silicon oxide regions respectively. Lamel-
lar microdomains orient themselves perpendicular to the substrate plane and
parallel to the striping. However, a mismatch in length scale of only ±10% is
sufficient to cause loss of domain orientation.

Nealey and coworkers [75, 76, 146] took a similar approach and applied
lithographically defined self-assembled monolayers as substrates to direct the
orientation of block copolymer thin films. After EUV interferometic lithogra-
phy on octadecyltrichlorosilane (OTS) or phenylethyltrichlorosilane (PETS)
monolayers, PS-b-PMMA block copolymers were deposited and annealed on
the substrates. Due to the selective wetting of PS and PMMA on the unex-
posed and exposed regions, respectively, they were able to obtain large areas
of perpendicular lamella when the commensurate condition was fulfilled.

The use of top-down substrate patterns to direct bottom-up block copoly-
mer patterns has proved to be very efficient in creating oriented hierarchical
patterns. However, introduction of yet another structure-directing element to
these systems has allowed even more control over the patterning process. Re-
cently, by applying a directional solidification process to a topographically
patterned substrate, Thomas and coworkers [102] have been able to apply
an additional driving force into the graphoepitaxial growth of the bottom-up
block copolymer pattern onto the top-down substrate pattern. By confining
a PS-b-PI block copolymer thin film between the solvent crystal and the to-
pographic patterned substrate, they have been able to induce two types of PI
cylinder domain orientations in the same precise lateral patterns.

4.2
Convergence of Top-Down and Bottom-Up in Block Copolymer Design

The convergence of top-down and bottom-up fabrication in the same block
copolymer architecture has been demonstrated using e-beam lithography by
Bal et al. [147] and Spatz et al. [148, 149]. Through SEM e-beam exposure of
cylindrical PS-b-PMMA films, Bal et al. [147] have been able to create cylin-
drical nanochannels at defined locations from PS-b-PMMA on the substrate,
and thereby demonstrated its potential to generate integrated magnetoelec-
tronic devices. In this process, the PS matrix is crosslinked in the exposed
area, thus making the block copolymer system behave as a negative tone e-
beam resist in which the unexposed material is removed in a development
step. In a similar manner, by using metal precursor loaded PS-b-P2VP block
copolymer micellar monolayers as a negative e-beam resist, Spatz et al. cre-
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ated metallic nanodots in microscopically defined locations [148, 149]. In this
system, the patternability is proposed to arise from crosslinking of the PS
block as well as chemical modification of P2VP/metal salts due to e-beam
exposure.

Although e-beam lithography can give excellent spatial control of func-
tional microdomains, this direct-write patterning process is not time-efficient
for large-area integration of functional devices. Techniques for rapid pattern-
ing of functional nanostructures are thus needed for real-time applications.
Ober et al. [106–108] have successfully developed a novel block copolymer

Fig. 7 Novel patternable block copolymers to achieve spatially controlled nanostructures.
a An asymmetric PαMS-b-PHS copolymer/photoacid generator/crosslinker solution was
spin-coated on a silicon substrate and formed vertical PαMS cylinders due to rapid
solvent evaporation. b 248 nm stepper exposure and subsequent development to form mi-
cropatterns with features as small as 400 nm. c Strong UV irradiation under high vacuum
to remove PαMS, thus generating patterned nanochannels
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system using poly(α-methylstyrene-b-4-hydroxystyrene) (PαMS-b-PHS) to
achieve spatial control through high-resolution deep UV lithographic pro-
cesses. Through the incorporation of high-resolution PHS photoresist and
PαMS in the block architecture, large-area uniform nanometer-sized cylin-
ders in submicron-sized patterns were generated through simple fabrication
processes (Fig. 7). Additionally, this block copolymer was automatically spin-
coat aligned with vertical orientations over a wide range of film thicknesses
(40 nm – 1 µm), thereby avoiding tedious alignment procedures. Further-
more, this block copolymer system was designed such that the thermod-
egradable PαMS block could be removed to make a nanoporous material.
The transformation of patterns composed of two-block copolymer phases to
those of a single block and air, or some other material, are the subject of
Sect. 5.3.

5
Patterning with Block Copolymer Templates

All of the material discussed to this point has dealt with patternable block
copolymer systems in which a pattern is defined in the polymer, whether by
self-assembly of the blocks into microdomain patterns or by lithographically
defined patterns. While the process for transferring top-down patterns to the
underlying substrates have been well-established, there is also great deal of
interest in transferring the self-assembled bottom-up patterns to other ma-
terials. Patterning with block copolymers using bottom-up nanostructures as
templates in this way opens the door to a variety of nanotechnological appli-
cations, which require patterned materials with properties much different to
polymeric matrices, such as inorganic networks and metals. High-resolution
nanopatterned substrates, patterned nanoparticles, nanoporous monoliths,
as well as nanoreplicated materials have been generated from block copoly-
mer templates.

5.1
Templates for Nanolithography

As discussed in Sect. 3, polymers with block architectures have been in-
vestigated for use as top-down lithographic materials to exploit a number
of their interesting properties. However, as structural dimensions for nano-
technology are pushed to ever-smaller limits, block copolymers have also
received attention for use in another new aspect of the lithographic process:
as templated resists for the so-called nanolithographic process. Composition-
asymmetric diblock copolymer thin films have been shown to be good candi-
dates for use as nanolithographic templates because two-dimensionally large
area periodic patterns can be produced on a nanometer-size scale with ei-
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Table 2 Summary of block copolymers studied for template nanolithographic applica-
tions

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b- Cylinder Silicon nitride, [44, 152]
butadiene) germanium

nanodots

Poly(styrene-b- Sphere Silicon nitride, [44, 152]
isoprene) germanium

nanodots

Poly(styrene-b- Sphere Metal nanodots [154]
isoprene)

Poly(styrene-b- Sphere GaAs nanodots [155]
isoprene)

Poly(styrene-b- Sphere Co74Pt26 and [83]
methylmethacrylate) Co74Cr6Pt20

magnetic media

Poly(styrene-b- Cylinder Semiconductor [156]
methylmethacrylate) capacitor

Poly(styrene-b- Cylinder Nanoscopic [157]
methylmethacrylate) templates

Poly(styrene-b-2- Spherical GaAs quantum [158]
vinylpyridine) micelles dots

Poly(styrene-b-2- Spherical Diamond [158]
vinylpyridine) micelles nanocolumns
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Table 2 (continued)

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b-2- Spherical Nanoporous [159]

vinylpyridine) micelles gold films

Poly(styrene-b- Sphere Silica [90, 160]

ferrocenyldimethyl- nanopillars
silane)

Poly(isoprene-b- Cylinder Cobalt magnetic [153]
ferrocenyldimethyl- media
silane)

ther a monolayer film of close-packed spheres, or with a thin film containing
an array of cylinders oriented perpendicular to the substrate. The periodic
nanostructure patterns can be subsequently transferred to various kinds of
substrates through a lithographic ion-etching process because of the differ-
ent etching sensitivities of the two building blocks. The regular nanoscale
patterns achieved can be used for a variety of applications, ranging from
quantum dot arrays [1, 150], artificial DNA electrophoresis “gels” [44, 151] to
high-density magnetic recording media [83, 152, 153]. Table 2 summarizes the
various block copolymer systems studied for the template nanolithographic
applications [44, 83, 90, 152–160].

Park et al. [44, 102, 152, 155] were the first researchers to demonstrate the
template nanolithographic process with well-ordered spherical or cylindri-
cal PS-b-PB or PS-b-PI diblock copolymers (Fig. 8). Through ozone removal
of either the PB or PI minor phase or via selective staining, these block
copolymer films were employed as positive and negative resists for a subse-
quent phase-selective reactive ion etching process. Using this approach, an
extremely high-density array (∼ 1011 holes/cm2) of holes and dots were pro-
duced on silicon [152], germanium [152], and silicon nitride [44] substrates.
By combining block copolymer nanolithography with a multilayer resist tech-
nique, they were also able to further demonstrate the generation of high
density metal [102] and GaAs [155] nanodots, using the patterned silicon ni-
tride layer as a mask. Using a similar approach, Russell’s group [156, 161]
and several others [83, 157] have also demonstrated pattern transfer in PS-
b-PMMA thin films. After UV-degradation of the PMMA minor phase, the
nanoporous polymer template structures were successfully transferred to the
underlying substrates through a subsequent etching process.
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Fig. 8 Schematic representation of block copolymer nanolithography process. a Sche-
matic cross-sectional view of a nanolithography template consisting of a uniform mono-
layer of PB spherical microdomains on silicon nitride. PB wets the air and substrate
interfaces. b Schematic of the processing flow when an ozonated copolymer film is used
as a positive resist, which produces holes in silicon nitride. c Schematic of the processing
flow when an osmium-stained copolymer film is used as a negative resist, which produces
dots in silicon nitride. (taken from [44])

Thomas and coworkers [90, 153, 160, 162, 163] incorporated etch-resistant
poly(ferrocenyl dimethylsilane) into block copolymer architectures and
used these organic-organometallic block copolymers in a straightforward
lithographic process to fabricate functional nanostructures, such as silicon
oxide [90] and cobalt magnetic dot arrays [153]. Due to the presence of iron
and silicon atoms in the blocks, the nanodomains of the organometallic por-
tion were resistant to removal by reactive ion etching. In this way, high etch
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selectivity between the different building blocks and thus high aspect-ratio
hierarchical patterns were achieved.

Spatz et al. [158, 159, 164, 165] used an approach based on the self-
assembly and formation of block copolymer mono-micellar films as masks
for template nanolithography. By either loading gold ions on the P2VP core
of poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) micelles [158, 159, 165], or
by selective growth of Ti on top of the PS domains [164], highly selective
etch contrast was achieved for fabrication of nanostructures on a variety of
substrates. By sputtering gold onto the template lithography patterned GaAs
substrate and subsequent solvent relief, they have also been able to generate
nanoporous gold films with uniform pore sizes [159].

5.2
Patterning Nanoparticles

The well-defined microdomains of block copolymer systems can themselves
serve as devices, for example as 1D photonic crystals [166] and stimuli-
sensitive materials [167], or they can provide nanocompartments for fabri-
cating spatially defined functional nanoparticles or nanoclusters. In general,
depending on the sequence of reactant loading and reactor formation, two
approaches have been used in these patterning processes: First, nanoparticles
or precursors are phase-selectively aggregated on a microphase-separated
block copolymer nanostructure to produce well-defined nanoparticle pat-
terns along the bottom-up block copolymer patterns. Second, functional pre-
cursors are incorporated into the polymer by pre-attachment to one of the
block copolymer building components, or are homogeneously mixed with
the block copolymer. The subsequent self-assembly process, accompanied
by the in-situ selective phase separation, produced functional nanoparti-
cles within one of the block copolymer microdomains; thus being patterned
after subsequent pyrolysis or sequestration. Table 3 summarizes the various
block copolymer systems studied for nanoreactor applications [93, 158, 159,
164, 168–181].

The selective incorporation of functional nanoparticles within well-
defined block copolymer bottom-up patterns has been well-studied and
numerous examples appear in the literature. Due to the preferential wet-
ting of one of the copolymer blocks by metals, Morkved et al. [168, 169]
demonstrated the selective aggregation of a variety of types of metal atoms
along highly anisotropic PS-b-PMMA and PS-b-P2VP block copolymer mi-
crodomains. Kane et al. [178], Brown et al. [172] and Sone et al. [182]
have independently produced PbS nanoclusters through a procedure in-
volving the selective sequencing of metal ions into the block copoly-
mer microdomains and subsequent reduction with H2S gas. In a simi-
lar approach, several groups have reported the selective sequestration
of organometallic complexes into block copolymer microdomains or mi-
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Table 3 Summary of block copolymers studied for patterning nanoparticle applications

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b- Lamella Gold islands [168, 169]
methylmethacry-
late)

Poly(styrene-b- Lamella Co nanocluster [170, 171]
methylmethacry-
late)

Poly(styrene-b-tert- Sphere Pt, Ag, or PbS [172]

butylacrylate) nanoclusters

Poly(styrene-b-2- Sphere Gold islands [168]
vinylpyridine)

Poly(styrene-b-2- Lamella Fe, Fe–Co, Co–Ni [173, 174]
vinylpyridine) nanoparticles

Poly(styrene-b-2- Spherical Gold [158, 159],
vinylpyridine) micelle nanoparticles [164],

[175, 176]

Poly(styrene-b- Cylinder Nanopattering [177]
butadiene-b-styrene) of BaTi

Poly(methyltetra- Sphere and PbS, CdS [178, 179]
cylododecene-b- wormlike nanoclusters
substituted-2-
norbornene)

celles to generated a variety of metal, inorganic, or conducting poly-
mer nanoparticles with hierarchical patterns [158, 159, 164, 165, 175–177,
180].
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Table 3 (continued)

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b- Cylinder magnetic α–Fe2O3 [93]

ferrocenylethyl- nanoparticles
methylsilane)

Poly(styrene-b- Lamella Gold [180]
isoprene-b-styrene) nanoparticles

Lysine-b-cysteine Sphere Silica, gold [181]
diblock nanoparticles
copolypeptide

There have been numerous reports concerning the incorporation of func-
tional precursors into block copolymer structures [93, 153, 160, 162, 163, 179,
183]. For example, poly(ferrocene)s have been successfully introduced into
block copolymer architectures by Vancso et al. and Manners et al. [90, 153,
160, 162, 163, 184, 185]. After self-assembly processes and subsequent pyrol-
ysis, ceramic materials that contain magnetic α– Fe2O3 nanoparticles have
been generated [93]. Iron, iron-cobalt, and cobalt-nickel alloy nanoparti-
cles have been generated within the P2VP domains of PS-b-P2VP block
copolymers by first making homogenous solutions of organometallic com-
plexes [173, 174]. A variety of types of nanoparticles or nanoclusters have
been cooperatively assembled into block copolymer nanoreactive domains
using similar approaches [170, 171, 181, 186].

5.3
Nanoporous Pattern Formation

Nanoporous materials have been generated using many different approa-
ches [187–193]. Currently, there is intense interest in the topological control
of porosity in inorganic and organic nanoporous materials for applications
in catalysis [194, 195], separations [196–198], dielectric [199, 200] and optical
communications [136, 201]. Materials with a defined porosity in the nanome-
ter scale are more highly desirable for many high-tech applications [202]
than materials with a pore size distribution. Owing to their ability to form
well-defined nanostructures, block copolymers have received attention as
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templates and matrices for fabricating well-defined nanoporous or meso-
porous materials. The nanofabrication processes can be roughly categorized
into three general approaches (Fig. 9):

1. Organic block copolymer micelles serve as structure-directing reagents in
a sol-gel mixture with inorganic precursors to form mesoporous inorganic
structures

2. The minor phase of block copolymer microdomains are selectively re-
moved by either chemical or physical degradation, thereby generating
a defined porosity in crosslinked polymer bulk matrices or thin films

3. Microporous structures form on cast film from rod–coil block copolymer
micelles

Table 4 summarizes the various block copolymer systems studied as nano-
porous and mesoporous materials [32, 33, 35, 44, 79, 106–108, 152, 154, 155,
193, 199, 203–219].

There have been numerous studies using surfactant and amphiphilic block
copolymer micelles to fabricate mesoporous inorganic materials and several
excellent reviews appear in the literature [48, 220–223]. Substantial process-
ing advantages have been demonstrated using amphiphilic block copolymers
as structure-directing reagents instead of low molecular weight surfactants,
such as continuously tunable properties by adjusting block copolymer com-
position and molecular weight, as well as larger mesoscopic order. The
nanofabrication procedure usually starts with a self-assembled amphiphilic
block copolymer solution under acidic conditions. Inorganic reagents are
subsequently added into the system and the reaction product forms a solid
phase after solvent evaporation, mixed with the self-organized block copoly-
mer template. The removal of template materials is generally achieved by
thermal calcinations [203], extraction (by conventional solvent [204], or by
supercritical fluid [205]) and chemical decomposition [206]. Mesoporous in-
organic materials, with uniform pore size and high degrees of orientational
order, are thus generated. Different amphiphilic block copolymers [203, 207–
210], in particular poly(alkylene oxide) containing diblock [209, 224] or tri-
block copolymer systems [136, 199, 200, 203, 207, 208, 225], have been used to
fabricate mesoporous silicate [199, 200, 203, 209, 210] or oxides [207, 208] with
randomly distributed [199, 200] or oriented nanopores [203, 209, 210]. Re-
cently, in order to improve the structural order by avoiding simultaneous
precursor condensation and structural evolution, a process was described to
generate highly organized 3D mesoporous silicate [226]. This process resem-
bles biomineralization, in which the poly(alkylene oxide) block copolymer
template forms first and is followed by the infusion, selective condensation of
the precursor, and removal of template.

Synthetic strategies are also directly applied to block copolymer systems
to generate nanopores in polymer matrices or thin films by selective chem-
ical or physical degradation and removal of minority organic polymer do-
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Fig. 9 Schematic representation of three approaches to generate nanoporous and meso-
porous materials with block copolymers. a Block copolymer micelle templating for
mesoporous inorganic materials. Block copolymer micelles form a hexagonal array. Sili-
cate species then occupy the spaces between the cylinders. The final removal of micelle
template leaves hollow cylinders. b Block copolymer matrix for nanoporous materials.
Block copolymers form hexagonal cylinder phase in bulk or thin film state. Subsequent
crosslinking fixes the matrix; hollow channels are generated by removing the minor
phase. c Rod–coil block copolymer for microporous materials. Solution-cast micellar
films consisted of multilayers of hexagonally ordered arrays of spherical holes. (Adapted
from [33])

mains. The optimum nanofabrication procedure usually starts with the self-
organization of a block copolymer in the bulk or thin film state. Shear [216–
218], electric fields [78–81, 123] or other means [107] are then applied to
align the microstructure, thus producing the desired orientation within long-
range ordered microdomains. Subsequent pore generation generally involves
crosslinking, thereby fixing the larger polymer block domains, as well as par-
tial [215, 219, 227], or complete degradation [44, 78–81, 107, 123, 152, 154, 155,



Patternable Block Copolymers 213

Table 4 Summary of block copolymers studied for nanoporous and mesoporous applica-
tions

Block copolymer Structure Morphology Application Ref.

Poly(ethyleneoxide-b- Hexagonal Mesoporous [203–207]
propyleneoxide-b- micelles silica and
ethyleneoxide) oxides

Poly(ethyleneoxide-b- Spherical Nanopores for [199]
propyleneoxide-b- micelles low k dielectric
ethyleneoxide) applications

Poly(ethyleneoxide-b- Hexagonal Mesoporous [208]
propyleneoxide-b- micelles metal oxides
ethyleneoxide)

Poly(isoprene-b- Multiple Mesoporous [209]
ethyleneoxide) aluminosilicate

Poly(butadiene-b- Spherical Mesoporous [210]
vinylpyridinium) micelles silica

Poly(styrene-b- Cylinder Nanoporous [44, 152]
butadiene) polymer

Poly(styrene-b- Sphere Nanoporous [154, 155]
isoprene) polymer

Poly(4-vinylphenyldi- Lamella, Nanoporous [211]
methyl-2- sphere/ polymer
propoxysilane-b- cylinder
isoprene-b-4-vinyl-
phenyldimethyl-2-
propoxysilane)

Poly(styrene-b- Cylinder Nanoporous [79],

methylmethacrylate) polymer [212–214]

Poly(tert- Cylinders Nanoporous [215]
butylacrylate-b- polymer
cinnamoyl-
ethylmethacrylate)
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Table 4 (continued)

Block copolymer Structure Morphology Application Ref.

Poly(isoprene-b- Double Nanoporous [193]

pentamethyldisilyl- gyroid polymer
styrene-b-isoprene)

Poly(styrene-b- Cylinder Nanoporous [216, 217]
lactide) polymer

Poly(cyclohexyl- Cylinder Nanoporous [218]
ethylene-b-lactide) polymer

Poly(α- Cylinder Nanoporous [106–108]

methylstyrene-b-4- polymer
hydroxystyrene)

Pentadecyl phenol Cylinder Nanoporous [219]
modified polymer
poly(styrene-b-4-

vinylpyridine)

Poly(phenylquino- Spherical Microporous [33]

line-b-styrene) micelle materials

Poly(2,5-dioctyloxy- Spherical Microporous [35]
para-phenylene micelle materials
vinylene-b-styrene)

Poly(styrene-b- Spherical Microporous [32]
paraphenylene) micelle materials
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193, 211, 216–218] of the smaller block domains. Because of the uniform do-
main size and mild removal conditions, precise control can be achieved to
yield well-defined monolithic materials [228].

Numerous examples on the preparation of nanoporous polymers in the
aforementioned manner appear in the literature. Nakahama et al. made
the first attempt with a siloxane-functionalized PS-b-PI system [211]. Upon
forming a cylindrical packing array of polyisoprene cylinders, a mono-
lithic polymer thin film was formed by subsequent crosslinking through
siloxane moieties and ozonolysis to remove the PI phase. After this ground-
breaking work, various block copolymer systems, including poly(styrene-
b-butadiene) [44, 152], poly(styrene-b-isoprene) [154, 155], poly(styrene-b-
methylmethacrylate) [78–81, 123], poly(isoprene-b-pentamethyldisilylstyre-
ne-b-isoprene) [193], poly(tert-butylacrylate-b-2-cinnamoylethylmethacry-
late) and related systems [215, 227], poly(styrene-b-lactide) and related
systems [216–218], pentadecyl phenol modified poly(styrene-b-4-vinylpyri-
dine) [219], poly(α-methylstyrene-b-isoprene) [107] as well as poly(α-
methylstyrene-b-4-hydroxystyrene) [106–108], have been employed to create
ordered monolithic polymers in bulk and thin film states. Additionally, phys-
ical means, such as volume contraction triggered by crosslinking [213],
solvent-induced surface reconstruction [212], and extraction of homopoly-
mer in a blend with block copolymer matrix [214, 229], have also been
employed to create nanoporous polymer films.

The self-assembly of rod–coil block copolymers cast from a selective sol-
vent causes the formation of microporous films with a honey-comb morph-
ology [32–36]. These films consist of periodic micrometer sized pores in
a hexagonal lattice. Recent studies have revealed that the formation of such
structures are due to the condensation of small water droplets on the surface
of the polymer solution during the rapid evaporation of the organic sol-
vent [11, 230, 231]. The polymers prevent the coalescence of the water droplet
and vitrify the pattern created by the condensation of the water droplet dur-
ing the evaporation of organic solvent. Although the rod–coil type architec-
ture seems to have little effect on the structure formation, such materials still
generate great interest for a variety of applications, such as membrane [232],
pattern template [35], and photonic bandgap materials [33].

5.4
Nanoreplicated Pattern Formation

One of the most important applications of nanoporous membranes is as
“nanoscaffolds” in template synthesis, to replicate the structural features of
the nanopores, or patterns, into metals [233], carbons [234], semiconduc-
tors [235, 236], conductive polymers [237, 238], and other materials [239].
The important characteristics of template synthesis have been best reviewed
by Martin [188, 240]. In short, it is a robust, general method suitable for the



216 M. Li et al.

replication of nanoscale features into almost all kinds of materials, which
can be retrieved afterwards without structural damage. Table 5 summarizes
the various block copolymer systems studied for nanoreplication applica-
tions [35, 43, 154, 155, 159, 233, 235, 236, 239, 241].

The Russell group has applied the template synthesis approach to
nanoporous films generated from UV-treated PS-b-PMMA copolymers [43,
147, 233, 235, 241], which were pre-aligned perpendicular to the substrate by
an electric field. Through direct current electrodeposition, they fabricated
high-density vertical arrays of ferromagnetic cobalt nanowires (Fig. 10a) [43].
Through subsequent work, they also demonstrated the successful replication

Fig. 10 Schematic representation of the nanoreplication processes from block copolymers.
a Growth of high-density nanowires from a nanoporous block copolymer thin film. An
asymmetric PS-b-PMMA diblock copolymer was aligned to form vertical PMMA cylin-
ders under an electric field. After removal of the PMMA minor component, a nanoporous
film is formed. By electrodeposition, an array of nanowires can be replicated in the
porous template (adapted from [43]). b Hexagonally packed array of aluminum caps gen-
erated from rod–coil microporous structures. Deposition of aluminum was achieved on
the photooxidized area of the rod–coil honeycomb structure (Taken from [35])
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Table 5 Summary of block copolymers studied for nanoreplication applications

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b- Cylinder Ferromagnetic [43]
methylmethacrylate) nanowires

Poly(styrene-b- Cylinder Silicon dioxide [235]
methylmethacrylate) nanoposts

Poly(styrene-b- Cylinder Metal nanodots [233]
methylmethacrylate)

Poly(styrene-b- Cylinder CdSe [236]
methylmethacrylate) nanoparticles

Poly(styrene-b- Cylinder Nanoporous [233]

methylmethacrylate) metal films

Poly(styrene-b- Cylinder Nanoelectrode [241]
methylmethacrylate) arrays

Poly(styrene-b- Cylinder Surface [239]
methylmethacrylate) patterned PDMS

Poly(styrene-b- Sphere Metal nanodots [154, 155]
isoprene)
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Table 5 (continued)

Block copolymer Structure Morphology Application Ref.

Poly(styrene-b-2- Spherical Nanoporous [159]

vinylpyridine) micelles gold films

Poly(2,5-dioctyloxy- Spherical Hexagonal [35]

para- micelle packed
phenylenevinylene-b- aluminum
styrene) cup arrays

of nanoscale features with the formation of silicon dioxide posts [235], metal
nanodots [233], CdSe nanoparticles [236], nanoporous metal films [233], na-
noelectrode arrays [241] as well as surface-patterned PDMS elastomers [239].

The nanoreplication of functional nanostructures has also been achieved
through other block copolymer-templated structures. De Boer et al. [35] ap-
plied honeycomb-structured films of rod–coil block copolymer as patterned
templates to replicate hexagonally packed arrays of aluminum cups on the
substrate surfaces (Fig. 10b). Nguyen et al. [237] embedded semiconducting
polymers in the channels of oriented hexagonal nanoporous silica and used
this nanoscale architecture to control the energy transfer for potential opto-
electronic applications.

6
Summary and Outlook

The use of block copolymers to form a variety of different nanosized peri-
odic patterns continues to be an active area of research. Whether in bulk,
thin film, or solution micelle states, block copolymers present seemingly
unlimited opportunities for fabricating and patterning nanostructures. The
wealth of microstructures and the tunability of structural dimensions make
them a favorable choice for scientists in a variety of research fields. As re-
viewed here, they can function as nanodevices themselves, or act as templates
or scaffolds for the fabrication of functional nanopatterns composed of al-
most all types of materials. However, there are still two obvious areas which
require more work: control of the long-range 3D nanostructure via more
user-friendly processes and the identification of new materials with different
functional properties.

Many methods to control 3D block copolymer nanostructures have been
reviewed here, with particular attention paid to achieving long-range order
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and orientation in block copolymer thin films. However, there are still puzzles
which need to be solved. For example, electric field, neutral surface, as well
as eutectic solidification are effective methods to achieve large-area cylinder
orientations, but the processes themselves are not trivial and the patterns ob-
tained are still imperfect. In addition, the experimental achievement of an
asymmetrical cylinder orientation is difficult compared with the symmetri-
cal lamellar case, as exemplified by the lack of success achieved using the
chemically patterned substrate approach. The combination of biaxial forces
or the combination of several guiding forces has been discussed and turns out
to be very effective and promising [76, 83, 134, 154]. Needless to say, a more
complete understanding of the potential for interactions between different
controlling methods are needed for block copolymer systems to fulfill their
technical potential for nanofabrication.

In order to achieve improved nanofabrication performance, novel func-
tional block copolymer systems are strongly desired. Many researchers have
recognized this, and novel functional systems such as metal-containing block
copolymer systems have significantly simplified and improved nanofabrica-
tion processes. The combination of top-down microscale patterns with the
bottom-up nanopatterns are attractive for integrating functional nanostruc-
tures into multipurpose on-chip devices. However, in order to use these
materials in real-time applications, further development is still needed. More
ground-shaking discoveries are needed and are also fully expected.
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