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Abstract: Block copolymers that two or more polymer chains are covalently linked have drawn much attention due

to self-assembly into nanometer-sized morphology such as lamellae, cylinders, spheres, and gyroids. In this article,

we first summarize the phase behavior of block copolymers in bulk and thin films and some applications for new

functional nanomaterials. Then, future perspectives on block copolymers are described.
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Introduction

Since block copolymers have been successfully synthe-

sized by living anionic polymerization,
1,2

 they have been

widely used in the thermoplastic elastomer industry due to

their unique physical properties not attainable with the con-

stituent homopolymers alone.
3-14

 Block copolymers have

also gained considerable attention due to their self-assembly

into nanometer-sized morphologies. The segregation of the

block components arising from thermodynamic incompati-

bility and connectivity produces various microdomains such

as, lamellar, cylindrical, spherical, and gyroid micro-

domains.
3-16

 At low temperatures, most block copolymers

have microdomain structure depending upon the weight

fraction (or volume fraction) of the constituent compo-

nents.
4

 However, as the temperature is raised above a certain

value, the microdomain structure disappears completely, giv-

ing rise to a disordered homogeneous phase. This tempera-

ture is referred to as the order-to-disorder transition

temperature (T
ODT

).
15-20

 Some block copolymers exhibit the

disorder-to-order transition (LDOT) with increasing tem-

perature,
21-28

 and a very few show the closed-loop (or

immiscibility loop) phase behavior.
29-37

 Also, the order-to-

order transition (OOT) has been reported for many block

copolymers when temperature is changed.
38-61

 This is due to

the subtle change of the free energy with temperature to sat-

isfy the packing constraints
39

 and explained by self-consist-

ent mean theories.
62,63

Since 1990, thin films of block copolymers have been

extensively investigated because of their potential use as

soft templates and scaffolds for the fabrication of functional

nanostructured materials.
64-74

 According to SCI-finder source,

the total number of papers published in SCI journals per

year increased significantly after 1990. For instance, this

already reached more than 6,000 per year in 2005.
13

 A large

increase might be attributed to the fact that nanoscience and

nanotechnology have greatly gained attention since 1990.

Compared with bulk block copolymer where the final mor-
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phology has been well described in terms of volume frac-

tion of one block, the Flory-Huggins interaction parameter

between the blocks, and the total number of the segments

(or the degree of polymerization), the film thickness and the

surface tensions and the interfacial tensions of both blocks

with the substrate should be considered to determine the

phase behavior and final morphology of block copolymer

thin films. Block copolymers could exhibit a micellar struc-

ture consisting of a corona and a core, when they are dis-

solved into a selective solvent (or homopolymer) for one of

block copolymers or even inorganic precursors.
75-79

 These

micellar structures could be used as drug delivery
78,79

 or

templates for two- or three-dimensional array of metal,

metal oxide, and semiconductor nanoparticles.
80-85

In this paper, we first summarize the phase behavior of

block copolymers in bulk and thin films and some applica-

tions for new functional nanomaterials. Then, future per-

spectives on block copolymers are described.

Block Copolymers in Bulk

The Order-to-Disorder Transition. Most block copoly-

mers exhibit microdomains at lower temperature because of

the incompatibility of the constituent components. However,

with increasing temperature this incompatibility decreases,

while the combinatorial entropy increases. Thus, at a critical

temperature, the enthalpic repulsion is exactly compensated

with favorable entropy; thus at temperatures higher than the

critical temperature block copolymers become disordered

state (or homogeneous state) where microdomains do not

exist. This critical temperature is referred to as the T
ODT

.
15-20

Numerous research groups have investigated theoretically

or experimentally the phase behavior and T
ODT

 of various

kinds of block copolymers.
15-20,86-131

 The T
ODT 

depends on the

volume fraction of one block ( f ), total number of segments

(or degree of polymerization index) (N), and the segmental

interaction described by the Flory-Huggins interaction param-

eter (χ), and the conformational asymmetry of each block.

Depending on the segregation power (χN), two cases are

considered: strong segregation limit (χN >> 10) and weak

segregation limit (χN ~ 10). The T
ODT

 and the microdomain

size (D) are easily obtained for these two limits. For the

former, the free energy change (ΔG
m
) between the ordered

state and disordered state is simply given by enthalpic and

entropic terms:
16,86-89,129-131

ΔH
m
=H

int 
- H

homo
(1a)

ΔS
m
=ΔS

c 
+ ΔS

p
(1b)

Here, H
int

 is the increase of unfavorable interaction arising

from the existence of two blocks in the interface, and it

decreases with increasing the domain size (D). H
homo

 is the

enthalpic penalty in the homogeneous state. On the other

hand, ΔS
c 

is the constraint entropic loss arising from the

constraint that two blocks should be located at their own

microdomain in the ordered state, and ΔS
p
 is the placement

entropic loss attributed to the fact that the connection point

should be located at the interface. Since ΔS
p
 is usually

smaller than ΔS
c
, eq. (1) can be written as:

       (2)

Here, C
1
, C

2
, and C

3
 are the positive constants independent

of χ, N, and D. When eq. (2) is differentiated with the

respect to D, the D at the equilibrium (D
eq

) is obtained:

(3)

Of course, when ΔG
m
 (D

eq
) = 0 at a certain temperature, this

temperature becomes the T
ODT

. 

On the other hand, for WSL limit, the free energy is

expressed by the power of the order parameter that is

defined as the local concentration of block A minus the average

volume fraction of A in the block copolymer. Leibler for-

mulated the free energy difference between the ordered state

and disordered state by using the density-density correlation

function with the aid of random phase approximation

(RPA).
17

 According to this theory, D is given by 

(4)

However, both theories could not be used for intermediate

segregation limit (10 < χN < 100). For this purpose, the

self-consistent mean field theory (SCMF) has been devel-

oped. Phase behaviors of diblock copolymers predicted by

SCMF
62

 and determined experimentally for polystyrene-block-

polyisoprene copolymer (PS-b-PI) are given in Figure 1.
43

It is noted in Figure 1(a) that with increasing f, the micro-

domains change from closed packed spheres (CPS), passing

through body-centered cubic spheres (Im3m), hexagonally

packed cylinders (H) and bicontinuous gyroid (Ia3d), to

lamellae (L) at lower values of χN. Although the bicontinu-

ous gyroid phase is unstable compared with H or L at higher

χN, an extended version of SCMF shows that the bicontinu-

ous gyroid phase is stable even at higher χN.
63

 These micro-

domains except CPS have been verified experimentally for

many different block copolymers, as shown in Figure 1(b).
38-53

On the other hand, the CPS phase (either face-centered

cubic spheres or hexagonally packed cubic spheres), which

is located between disordered state and Im3m, has not been

found for neat diblock copolymer. However, the CPS phase

was found for a diblock/solvent mixture
56-59

 and diblock/

homopolymer mixture system.
60,61

 Very recently, a noncubic

network structure in an orthorhombic unit cell belonging to

Fddd space group was found for ABC triblock copolymer
132

and SI diblock copolymer at very narrow range of f

ΔG
m
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m
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between lamellar and gyroid phases.
133

It should be noted that the phase transition of highly

asymmetric block copolymers is distinctly different from

that of symmetric (or nearly symmetric) block copoly-

mers.
134-139 

Namely, lamellar microdomains directly lose the

long range ordering and become disordered state with ther-

mally induced concentration fluctuation at the T
ODT

, whereas

the spherical microdomains lose long-range ordering at the

lattice disordering transition and become disordered

micelles with short-range ordering. With a further increase

in temperature, disordered micelles are transformed into the

micelle-free disordered phase with thermally induced com-

positional fluctuation at the critical micelle transition (or

demicellization transition). The existence of the disordered

micelles above the lattice disordering transition was verified

experimentally
134-138

 and theoretically.
139

From Figure 1(b), the experimentally determined χN at f

= 0.5 is ~ 17, which is distinctly larger than the theoretically

predicted value (10.495). Although this discrepancy could

be resolved by the inclusion of the fluctuation concept (χN

for symmetric block copolymer = 10.495 + 49.22 
-1/3

; here

 = N (b
3

/V
o,ref

) in which b and V
o,ref

 are the Kuhn length,

and the monomeric volume, respectively),
140-142 

the fluctua-

tion concept could not be used for block copolymers with

lower molecular weight block copolymers, for instance,

most PS-b-PI or polystyrene-block-polybutadiene copoly-

mer (PS-b-PB),
143

 because of the breakdown of the Hartree

assumption.
144

 Thus, new theory or molecular simulation

beyond the mean field concept should be developed to pre-

dict the T
ODT

 of block copolymers with finite molecular

weight. Interestingly, an earlier version of SCFT theory

developed by Helfand and coworkers
16,86-89

 predicts χN of ~

17 for f = 0.5, close to the experimentally determined one.

Thus, the predictions of the T
ODT

 for block copolymers by

Helfand and coworkers are often close to the experimentally

determined ones
122,125,145

 compared to the prediction based

on the Leibler theory or SCMF theory without including the

fluctuation concept.
17

There exist numerous experimental methods to determine

the T
ODT

 of block copolymers, which are summarized in

Table I.
99-128,146-151

 Among them, small angle X-ray and neu-

tron scatterings (SAXS and SANS) method
99-107

 and rheo-

logical method
108-125

 have been widely used. The scattering

method could decide the exact microdomain structure but a

relatively expensive and huge facilities providing X-ray (or

neutron) source should be used to measure the scattering

N
˜

N
˜

Figure 1. (a) The phase diagram of a diblock copolymer predicted by SCMF. (b) Experimentally determined phase diagram of PS-b-PI.

Reproduced with permission from Ref. 62 and 43; Copyright 1996 and 1995, ACS publications.

Table I. Experimental Methods and the Related Theories to Determine TODT

Method Plots Related Theory

Scattering Method
99-107

 

(Small angle X-ray and neutron Scattering)
1/I vs 1/Temperature Random Phase Approximation

17

Rheological Method
108-125

G' vs Temperature Critical Phenomena
152-154

log G' vs log G" Tube theory
155,156

Depolarized Light Scattering (Birefringence)
126-128

Light intensity vs Temperature 

Differential Scanning Calorimetry
49,146-150

Heat capacity (or Heat flow) vs Temperature

Fourier Transformed Infra red Spectrum
151

Absorbance vs Temperature 
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intensity (I(q)). On the other hand, the rheological method is

easily accessible and rheological properties such as storage

and loss moduli (G′ and G″) and viscosity (η) are measured

to determine the T
ODT

 and T
OOT

 of block copolymers. How-

ever, compared with scattering method, the microdomains

in the equilibrium could not be measured because of the

existence of shearing force. 

While most block copolymers exhibit phase-mixing behav-

ior upon heating due to the increase in the translational (or

combinatorial) entropy as well as the decrease in the seg-

mental interactions, some block copolymers such as poly-

styrene-block-poly(n-butylmethacrylate) copolymer (PS-b-

PnBMA), 1,2 polybutadiene-block-1,4 polyisoprene copoly-

mer have been shown to undergo a transition from the

phase-mixed to phase-separated state upon heating. This

transition is referred to as the lower disorder-to-order transi-

tion (LDOT).
21-26

 This behavior is explained either by the

equation-of-state arguments that incorporate differences in

the thermal expansion coefficients or by the directional

enthalpy (or entropy).
157,158

Closed-Loop Phase Behavior. Closed-loop phase behav-

ior was known in systems with specific intermolecular inter-

actions such as water/nicotine mixture and water/poly

(ethylene oxide).
159-161

 In weakly interacting systems, this

phase behavior was for the first time observed for polysty-

rene-block-poly(n-pentylmethacrylate) copolymer (PS-b-

PnPMA).
29

 To demonstrate the closed-loop phase behavior,

symmetric PS-b-PnPMA with different molecular weights

(the values of the number average molecular weights are

46,470 for B-I, 49,900 for B-IV and 51,250 for B-V) are

synthesized by the sequential, anionic polymerization of sty-

rene and n-pentylmethacrylate in tetrahydrofuran at –78
o

C

under purified argon by using s-butyl lithium as the initiator.

Figure 2(a) shows SAXS profiles for B-IV as a function

of the scattering vector q (q=(4π/λ)sinθ where 2θ is the

scattering angle, and λ is the wavelength) taken at 2.5
o

C

intervals from 112 to 246
o

C at a heating rate of 0.5
o

C min
-1

.

At lower temperatures, a broad maximum in the scattering

is observed, which arises from the correlation hole scatter-

ing of a block copolymer in the disordered state.
17

 With

increasing temperature, the maximum in the scattering pro-

file sharpens and intensifies. This is typical behavior of

block copolymers undergoing a transition from the disor-

dered to the ordered state. With further increasing tempera-

ture, the scattered intensity reaches a maximum and begins

to decrease. The peak broadens, and a diffuse and weak

scattering maximum, characteristic of a disordered copoly-

mer, is observed. TEM images of samples rapidly quenched

after heating to 120, 180 and 240
o

C are also shown. At

120
o

C the TEM image (Figure 2(b)) shows the mottled tex-

ture of concentration fluctuations of a disordered copoly-

mer.
162,163

 At 180
o

C (Figure 2(c)) the symmetric block

copolymer microphase-separates into a lamellar morphol-

ogy. At 240
o

C (Figure 2(d)), only concentration fluctua-

tions are evident. The block copolymer therefore orders,

then disorders with increasing temperature.

Figure 3 gives temperature dependence of shear modulus,

G′ for various symmetric PS-b-PnPMAs. For B-I, G′ is seen

to continuously decrease with increasing temperature, which is

typical for a homogeneous, molten polymer. However, for

B-BL, B-BH and B-IV, sharp increases in G′ are seen, which is

characteristic of the microphase separation of block copoly-

mers. Subsequently, G′ gradually decreases, as would be

expected. However, at higher temperatures, G′ decreases

sharply, which would be expected for a block copolymer

transitioning into the disordered state.
108,112,125

 For B-V, G′ is

high and gradually decreases with increasing temperature,

Figure 2. (a) Small-angle X-ray scattering (SAXS) profiles for

PS-b-PnPMA as a function of q at various temperatures. Also

shown are TEM images of B-IV annealed for 24 h at (b) 120
o

C,

(c) 180
o

C, and (d) 240
o

C. Reproduced with permission from

Ref. 29; Copyright 2002, Nature Publishing Group.
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indicating that the block copolymer remains ordered up to

about 255
o

C, then drops sharply as it disorders.

The closed-loop phase behavior of PS-b-PnPMA can be

explained by the effective Flory-Huggins interaction param-

eter χ
F
 expressed by two terms (χ

app
 and χ

comp
, where χ

app
 is

the conventional exchange energy including favorable inter-

action and χ
comp

 represents the compressibility difference

between constituent blocks).
27,164

 Figure 4 gives the temper-

ature dependence of these two terms predicted from a com-

pressible random phase approximation.
27

 It is seen that χ
app

increases first and becomes a maximum, and finally decreases

with increasing temperature. At low temperatures, the

favorable interaction, although small, can exist arising from

the dipole in the phenyl ring of PS and the induced dipole of

PnPMA resulting from the formation of a cluster with a size

of 1-2 nm.
151,165

 However, with increasing temperature, this

directional energy should be decreased. At a higher temper-

ature, a reduction in the repulsion interaction decreases,

causing the decrease in χ
app

. On the other hand, the free vol-

ume term always increases with increasing temperature.

But, the magnitude of χ
comp

 is about half of χ
app

. Combining

these two effects, χ
F
 becomes a maximum; therefore a

closed-loop phase behavior could be predicted.

To understand the exact mechanism of the closed-loop

type phase behavior in a molecular level of each chain, we

investigated, via two-dimensional heterospectral correlation

analysis of wide angle X-ray scattering (WAXS) and Fou-

rier transform infrared (FTIR), the specific chemical inter-

actions existing for PS-b-PnPMA. Figure 5(a-c) shows the

synchronous 2D heterospectral correlation analysis between

WAXS and FTIR spectra for PS-b-PnPMA at three temper-

ature regimes (disordered state at lower temperatures, ordered

state at intermediate temperatures, and disordered state at

higher temperatures).
165

 It is seen in Figure 5 that the syn-

chronous 2D heterospectral correlation spectrum in the

ordered state is completely different from that in the two

disordered states. Specifically, the cluster peak at ~ 6 nm
-1

 in

the ordered state is strongly correlated with all the func-

tional groups (or bands) corresponding to 1000-1800 cm
-1

.

This is because of the microdomain structures of PnPMA

block in the ordered state. It is also seen that the band for the

C=C stretching mode of the phenyl ring (~1602 cm
-1

) in the

PS block becomes a positive correlation with WAXS pro-

files for all three temperature regimes. Very interestingly, a

disordered state at higher temperatures, a band at 1274 cm
-1

corresponding to the C-C-O stretching mode, and a band at

1452 and 1492 cm
-1

 corresponding to the phenyl ring

stretching mode as well as the C=C stretching mode in the

PS block become positive correlations with the cluster peak,

whereas these two peaks except for C=C stretching modes

(~1550 and 1602 cm
-1

) in the PS block in another disordered

state at lower temperatures did not have any correlation with

the cluster peak. Another interesting thing in Figure 5(c) is that

the change in the cluster peak for C-C-O groups (~ 1275

and ~ 1450 cm
-1

) with temperature in the disordered state at

higher temperature showed tiny maxima at two values of q

at ~ 4.0 and 7.5 nm
-1

 rather than ~ 6 nm
-1

. Since these two q

values (~ 4.0 and 7.5 nm
-1

) are close to the peak positions

for PnPMA and PS homopolymers, we consider that the

probability that PS (or PnPMA) chains are located at their

own neighboring PS (or PnPMA) chains in the disordered

state at higher temperature is larger than that in another at

lower temperature. Therefore, we consider that the side

chains of PS and PnPMA in a lower disordered state are

more randomly distributed than those in another disordered

state at high temperatures. Since a favorable specific inter-

Figure 3. The temperature dependence of the shear modulus (G′)

for PS-b-PnPMA. Reproduced with permission from Ref. 29;

Copyright 2002, Nature Publishing Group.

Figure 4. NχF 

along with
 

Nχapp and Nχcomp for dPS-b-PnPMA.

Reproduced with permission from Ref. 27; Copyright 2007, ACS

Publications.
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action mainly arises between the C-C-O and the phenyl

ring, the degree of the specific interaction at a lower disor-

dered state would be larger than that at a higher disordered

state.

On the basis of the above results, we conclude that a dis-

ordered state at lower temperatures is different from that at

higher temperatures. Namely, the main chain might be ran-

domly distributed at both of the two disordered states,

whereas the side chains of PS (and PnPMA) in a disordered

state at higher temperatures are located at their own neigh-

boring PS (and PnPMA) chains compared with those at a

lower disordered state. This indicates that the specific inter-

action at a lower disordered state might be stronger than that

at another disordered state at higher temperatures. There-

fore, we consider that the disordered state at lower tempera-

tures mainly arises from the relatively strong favorable

interaction between the C-C-O group and the phenyl ring

via induced dipole-dipole interaction, whereas the disordered

state at higher temperatures is mainly due to the strong increase

in the combinatorial entropy, although a small interaction

still exists.

Recently, it was found that even though neat PS-b-

PnBMA shows only LDOT at an experimentally accessible

temperature region, the addition of the mixture of two

solvents
34

 or simply dioctyl phthalate alone
37

 to PS-b-PnBMA

reduces the upper order-to-disorder transition (UODT) dra-

matically, whereas the LDOT is not much changed. Thus, a

closed loop phase behavior is even observed within an

experimentally accessible temperature range. This is because

the χ
F
 of PS-b-PnBMA becomes a rather plateau at higher

temperatures, which is easily modified by mixed solvents.
37

Baroplasticity. The pressure dependence of the phase

transitions of block copolymers has been a subject of

intense research both experimentally
23,24,166-174

 and theoreti-

cally.
157,158,175-182

 It has been found that the ODT is only

weakly dependent on pressure, while the LDOT are strongly

dependent on pressure.
23,24

 Since the LDOT are related to

Figure 5. Synchronous 2D heterospectral correlation analysis

between WAXS and FTIR spectra in 1000~1800 cm
-1
 focusing

on the side groups for PS-b-PnPMA at three different tempera-

ture regimes: (a) a disordered state below the LDOT (120~140

o
C), (b) an ordered state (150~200 

o
C), and (c) another disordered

state above the UODT (220~260 
o
C). Solid and dashed lines in

the spectra represent positive and negative cross-peaks, respec-

tively. Reproduced with permission from Ref. 165; Copyright

2006, ACS Publications.

Figure 6. The change of TLDOT (circle) and TUODT (triangle) for

dPS-b-PnPMA with hydrostatic pressure measured by SANS

(solid symbols) and optical birefringence (open symbols).
 
Repro-

duced with permission from Ref. 31; Copyright 2003, The Amer-

ican Physical Society.
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differences in thermal expansion coefficients of the compo-

nents, arguments based on equation-of-state theories have

been developed to predict the pressure dependence of these

transitions.
157,158

On the other hand, the closed-loop phase behavior has an

entropic origin; thus the two transitions consisting of the

loop should depend strongly on pressure. Figure 6 gives the

changes in the T
LDOT

 and T
UODT

 with pressure measured by

small angle neutron scattering (SANS) and birefringence

measurements.
31

 Interestingly, dT/dP for both transitions is

very large: for LDOT it is 725
o

C/kbar and for UODT it is

-725 
o

C/kbar at pressures above 20.7 bar.

Large pressure coefficients allow one to use PS-b-PnPMA

as a ‘‘baroplastic’’ material, which can be processed at a

low temperature under medium pressure.
171,183-186 

To demon-

strate the processability of PS-b-PnPMA at a lower temper-

ature and pressure, we performed compression molding at

90
o

C and 50 bar, from which PS-b-PnPMA was indeed

well-shaped into the desired form, as shown in Figure 7(a).
187

On the other hand, even when much larger pressure of 1,000

bar and higher temperature of 120 
o

C were employed for the

compression molding of PS-block-poly(ethylene-co-buty-

lene)-block-PS (Kraton G 1652: Shell Chem. Co.), the pow-

ders were clearly seen; thus we could not shape SEBS into

the desired form at this processing condition (Figure 7(b)).
187

The molecular weight of Kraton G 1652 was 54,000, very

close to that of PS-b-PnPMA, but the glass transition of

PEB block in Kraton G 1652 was -40
o

C, which is ~70
o

C

lower than that of PnPMA block.

We expect that the baroplasticity due to the very large

pressure coefficients of the transition temperatures could be

further utilized to generate nanopatterns at lower tempera-

tures (even at room temperature). This would be more effec-

tive in fabrication of the nanosized pattern compared with

nanoimprinting lithography that needs high temperatures (at

least larger than 100 
o

C) or an additional crosslinking step.

Phase Behavior of Various Architectures of Block

Copolymers. Besides the A-B diblock or A-B-A triblock,

block copolymers having different molecular architectures

are synthesized by anionic polymerization, as shown in Fig-

ure 8, and the phase behavior of these block copolymers has

been extensively investigated.
188-202

Among them, the linear triblock copolymer having three

different blocks (ABC) has widely investigated for phase

behavior and microdomains structures. Matsushita and

coworkers were the first to investigate microdomain struc-

tures for polystyrene-block-polyisoprene-block-poly(2-vinyl

pyridine) copolymer (PS-b-PI-b-P2VP) by SAXS and

SANS.
188-191

Then, PS-block-PB-block-poly (methylmethacry-

late) copolymer (PS-b-PB-b-PMMA),
192-195

 PS-block-PI-block-

poly(ethylene oxide) copolymer (PS-b-PI-b-PEO) and PI-b-

PS-b-PEO
132,198-201 

were synthesized and their morphologies

were investigated. Due to three different blocks in ABC, the

phase behavior of ABC linear triblock copolymers depends

on three different Flory interaction parameters (χ
AB

, χ
BC

, and

χ
CA

), volume fractions of three block segments ( f
A
 + f

B 
+

f
C

= 1), the total degree of polymerization (N), and the

sequences of three block segments (ABC, BCA, and CAB).

According to the SCMF theory, 30 different morphologies

are predicted,
196

 and some of the interesting microdomain

Figure 7. Compression-molded articles prepared by (a) dPS-b-

PnPMA at 90 
o

C and 50 bar, and (b) Kraton G 1652 at 120 
o

C and

1,000 bar. Reproduced with permission from Ref. 187; Copyright

2006, WILEY-VCH Verlag GmbH & Co. KGaA.

Figure 8. Various molecular architectures of block copolymers.

Figure 9. Various morphologies for linear ABC triblock copoly-

mer. Reproduced with permission from Ref. 197; Copyright

1999, American Institute of Physics.
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structures are shown in Figure 9.
197

An ABC linear block copolymer exhibits more compli-

cated structures that are not observed for AB diblock (or

even ABA triblock) copolymer, for instance, bicontinuous

cubic structure belonging to “Plumber Nightmare”.
201

 Although

the synthetic effort for ABC block copolymer is much in

demand compared with AB block copolymer, the former

can be used for functional nanomaterials. For example,

when ABC exhibits three lamellar microdomains, these can

be used for polymer battery. Namely, two microdomains

corresponding to the end blocks could be used for anode

and cathode, respectively, while the middle can be used as

an electrolyte layer.
203,204

 When ABC triblock copolymer

exhibits three lamellar microdomains, the sequence of the

lamellar microdomains becomes symmetric as expressed by

ABCCBAABC. However, when ac diblock copolymer is

mixed with ABC triblock, the lamellar sequence becomes

either symmetric (ABCcaacCBAABC), or non-centrosym-

metric (ABCcaABCcaABC). The latter could exhibit piezo-

or pyroelectricity, and the second order non-linear optical

properties due to the anisotropic nanostuctures.
205

 Matsush-

ita and coworkers showed that the non-centrosymmetricity

is also obtained by linear tetrablock of ABCA.
206

 Finally,

ABC triblock copolymer exhibiting core-shell gyroids can

be used as nano-membrane.
207

Bates and coworkers synthesized linear CECEC penta

block copolymer (Here, C is the poly(cyclohexyl ethylene)

made by the hydrogenation of polystyrene, and E is the

polyethylene made by the hydrogenation of 1,4 polybutadi-

ene). It showed very unique mechanical strength which can-

not be obtained by CEC triblock copolymer, because CEC

triblock copolymer should inevitably have loop structures

that cannot play a role in the trans-domain coupling. On the

other hand, CECEC penta block copolymer has fully trans-

domain coupling; thus it exhibits much stronger resistance

to external mechanical forces.
208-210

 

The mikto-arm type ABC triblock copolymers (or 3-arm

star block copolymer) were synthesized and their morpholo-

gies have been investigated. This has different architecture

from linear ABC linear triblock copolymer (see Figure 8). It

is rather similar to AB diblock copolymer in that a C block

is grafted at the junction of AB blocks. Matsushita and

coworkers synthesized PI-b-PS-b-P2VP star block copoly-

mer and investigated extensively how each of the micro-

domains is packed in the space.
211-216

 They found that ABC

star block copolymers tend to form cylinder-based struc-

tures whose cross-sections are represented with two-dimen-

sional Archimedean tiling patterns consisting of triangles

and squares.
216

 Although most microdomain structures of

these block copolymers show periodic Archimedean tiling,

they found, by using mixture of ABC star block and A

homopolymer, a very interesting morphology of a nonperi-

odic tiling pattern covered with equilateral triangles and

squares, and their triangle/square number ratio of 2.3, as

shown in Figure 10.
216

 This dodecagonal quasicrystalline

structure was first observed for polymers with size of ~50 nm,

while the same structure has been found for metal alloys

with a size of ~0.5 nm, chalcogenides with a size of ~2 nm,

and liquid crystals with a size of ~ 10 nm.

Finally, PS-block-poly(dimethyl siloxane) and PS-b-P2VP

ring type block copolymers were synthesized and the phase

behavior was investigated.
217,218

 The formation of the micro-

domains for AB ring block copolymer is completely differ-

ent from the AB diblock copolymer. For AB linear diblock

copolymer, two chains of each block contribute to the size

of each microdomain. However, due to the loop formation

in the ring polymer, one chain of each block contributes to

the size of each microdomain. Thus, AB ring block copoly-

mer is similar to the loop formation of ABA triblock copoly-

mer, even though ABA triblock contains a single loop of the

middle B block whereas AB ring block copolymer contains

double loops for A and B blocks. Based on the mean field

theory, the value of (χN) at spinodal for symmetric

( f = 0.5) AB ring block copolymer is 17.8,
219-221

 which is

similar but slightly smaller than that (17.995) for ABA tri-

block copolymer.
222

 

Block Copolymer Micelles. When amphiphilic block

copolymers are dissolved into a selective solvent, a micellar

structure consisting of a soluble corona and an insoluble

core is formed. The most widely used block component in

the micelles is PEO, poly(acrylic acid) (PAA), P2VP, and

poly(4-vinylpyridine) (P4VP). The other blocks consisting

of the amphiphilic block copolymers are PS, poly(propy-

lene oxide) (PPO), polyethylene (PE), poly(ethyl ethylene)

(PEE).
75-77,223-229

 When the hydrophilic block becomes a major

composition in the block copolymer, the micelle formed is

usually spherical micelles (or hairy micelles). Here, we assume

that the solvent is selective to hydrophilic block. With a

decrease in the volume fraction of the hydrophobic block,

the micelles become cylindrical (or worm-like). Crew-cut

Figure 10. Non-periodic tiling pattern for PI-b-PS-b-P2VP/PS

homopolymer mixture. Reproduced with permission from Ref.

216; Copyright 2007, The American Physical Society.
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type micelles are formed at smaller volume fraction of the

hydrophilic block. In this situation, an interesting morphology

of vesicles could form. The micelle morphology in the solution

is investigated by cryo-transmission electron microscopy.
230

Various morphologies of the crew-cut micelles prepared

by PS-b-PAA in water are given in Figure 11.
76 

The micelles

morphology is also changed by the ionic strength in solution.

When PAA-block-poly(methylacrylate)-block-PS linear

triblock copolymer is dissolved into water/tertrahydrofurane

mixture in the presence of 2,2'-(ethylenedioxy)diethyl-

amine, interesting morphologies of toroid
231

 or disk-shape
232

micelles are formed. The morphology of mikto-arm ABC

triblock copolymer micelles was also studied. Polyethyleth-

ylene-block-PEO-block-polyperfluoropropylene oxide (EOF)

mikto-arm type block copolymer in water shows disk-like

fluorocarbon (F) domains sandwiched by two layers of

hydrocarbon (E), while the hydrophilic blocks (O) emanate

from the disk/disk interface to stabilize the whole micellar

core in water.
233-235

 This system belongs to the superstrong

segregation limit in which the interfacial energies over-

whelm the entropic penalties for stretching the shorter

block.
233,234

Once spherical micelles are formed, these can be used for

drug delivery.
78,79,236-238

 Namely, the core part of the micelles

can be compatible with many useful drugs, and the shell

part is miscible with water. Also, block copolymers contain-

ing an biodegradable block, for instance, poly(lactic acid),

have been widely used due to easy degradability inside the

human body.
239

Block Copolymers Containing Crystalline (or Liquid

Crystalline) and Rigid Rod Block Components. Most

block copolymers employed for phase behavior or the T
ODT

(or T
OOT

) are amorphous. However, when one or both block

can crystallize, the phase behavior of this kind of block

copolymer becomes more complicated. Widely used crys-

talline block copolymers are 1) HPB-block-poly(ethylene-

ran-propylene), HPB-block-PS, HPB-block-PEO, HPB-block-

poly(vinyl cyclohexane), HPB-block-poly(head-to-head

propylene);
240-252

 2) PEO-block-poly(propylene oxide), PEO-

block-poly(butylene oxide), PEO-block-PS;
253-256

 and 3) PCL-

block-PEG, PCL-b-PB. PCL-block-poly(l-lactide).
257-260

 Here,

HPB means the hydrogenated 1,4 polybutadiene, and 2~3

ethyl branch exists per hundreds of carbons; thus T
m
 of HPB

becomes 100~110
o

C, which is lower than that (~140
o

C) of

high density polyethylene. There exist two different chain

foldings: “perpendicular folding” where chain folding is

perpendicular to the lamellar layer, and “parallel folding”

where chain folding is parallel to the lamellar layer.
9

 Also,

depending on the crystallization temperature compared with

the T
ODT

, the microdomains could be maintained even after

the crystallization, or spherulite formation breaks down the

pre-existing microdomains. Kornfield and coworkers showed

that a liquid crystal gel was prepared by ABA triblock

copolymer with the liquid crystalline moiety and the orien-

tation of the liquid crystal phase is easily controlled by an

electrical field.
261

Also, the phase behavior of block copolymers having liq-

uid crystalline block are investigated. Even though PS-b-PI

exhibits disordered state in the entire temperature range, the

addition of the liquid crystalline group increased the T
ODT

significantly.
262

 Iyoda and coworkers
263-267 

prepared an inter-

esting liquid crystalline block copolymer, PEO-b-PMA(Az)

where liquid crystal moiety of azobenene (Az) is attached to

PMA block. Here, two different domains are generated:

microdomains due to the chain segregation between PEO

and PMA(Az) blocks, and nanodomains arising from the

liquid crystal smetic phase of Az. When they prepared the

film of this block copolymer, the nanodomain orientation of

Az smetic phase became parallel to the film, which induces

the microdomains aligned perpendicular to the substrate.

They also generated perpendicularly oriented cylindrical

nanodomains in a wide area by continuous gravure-type

coating method. This block copolymer was employed as

effective templates for preparing ordered arrays of nanodots

or nanowires of various metal or metal oxide nanowires,

because PEO blocks could have a strong interaction with

metal cations. Ho and coworkers prepared PS-block-poly(l-

lactic acid) copolymer (PS-b-PLLA). Because of the chiral-

ity of PLLA and the immiscibility of constituent blocks, the

hexagonally packed helical microdomains of PLLA in the

PS matrix were generated. Furthermore, these helical

microdomains in bulk were transformed into cylinders by

crystallization and shear. Interestingly, core-shell cylindrical

microdomains were formed for another PS-b-PLLA with

PLLA rich phase. As the degradable PLLA blocks were

hydrolyzed in the core-shell cylindrical microdomains,

Figure 11. Various morphologies of the crew-cut aggregated

from PS-PAA in water. (a) PS(200)-PAA(21), (b) PS(200)-PAA(15),

(c) PS(200)-PAA(8), and (d) PS(200)-PAA(4). The numbers in

the parentheses are styrene and acrylic acid units per chain.

Reproduced with permission from Ref. 76; Copyright 1995,

American Association for the Advancement of Science.
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tubular nanostructures were fabricated. They also achieved

the perpendicular orientation of cylindrical microdomains

of PLLA in PS-b-PLLA thin film on ITO substrate by spin-

coating with an appropriate solvent. They also fabricate Ni

nanodots by electrodeposition inside cylindrical nano chan-

nels, which could be used as a catalyst for the growth of car-

bon nanotubes.
268-272

Finally, block copolymers having a rigid rod block are

synthesized.
273-281

 These block copolymers exhibit unique

electric (or photoelectronic) properties and can be used as

organic (or plastic) solar cells.
273,274

 Typical rigid blocks are

poly(p-phenylene vinylene) (PPV), poly(3-hyxyl thiopene),

and poly(hexyl isocyanate), while the counterpart blocks are PS,

PMMA, PI, and P2VP. While most block copolymers con-

taining rigid rod show very strong segregation, which limits

the investigation of phase behavior or T
ODT

, poly(isoprene)-

block-poly(2,5-di (2'-ethylhexyloxy)-1,4-phenylenevinylene))

(PI-b-DEH-PPV) shows a weak-segregation limit.
275-277

Lamellar structures were observed even at large volume

fraction (~0.85) of DEH-PPV. This block copolymer at

higher volume fraction of DEH-PPV showed two phase

transitions upon heating: lamellar to nematic phase, and

nematic phase to isotropic phases. Recently, the phase

behavior of P3HT-b-P2VP synthesized anionic polymeriza-

tion was investigated. This shows nanofiber structure at low

volume fraction of P2VP, but with increasing volume frac-

tion of P2VP, lamellar and cylindrical microdomains are

observed.
278

 Lee and coworkers
279-281 

showed that rodlike

poly(n-hexylisocyanate) (PHIC) chains in PHIC-b-poly-(2-

vinylpyridine)� (P2VP) was highly oriented and anisotropic

organized as a self-assembled monolayer through lyotropic

liquid crystalline ordering on a substrate surface.

Application of Block Copolymers in Bulk. Recently,

materials exhibiting photonic band gap properties have

gained a great attention because of future applications for

new kinds of semiconductors controlled by light instead of

conventionally used electrons.
282

 Since these materials

should respond to visible wavelength (400~700 nm), the

domain spacing should be at least 100 nm. For this purpose,

the block copolymer microdomains having sizes of 10~50

nm are not efficient compared with the array of polymer (or

inorganic) spherical beads having sizes of 100~500 nm. It is

known that double diamond microdomains are very useful

for high photonic band gap.
282,284

 Recently, Thomas and

coworkers prepared a photonic band gap gel whose domains

are greatly changed by PH and temperature.
285

 To increase

the microdomain size greater than ~100 nm, Thomas and

coworkers added two homopolymers (PS and PI) to PS-b-

PI.
286

 Depending on the amount of homopolymer, the lamel-

lar domain size increases accordingly. The reflection

changes from blue to red color range. It is noted that the

molecular weight of homopolymers should be judiciously

controlled so that macrophase separation should not occur.

Generally, when the molecular weight of homopolymers is

less than that of the corresponding block, no macrophase

separation occurs. The phase behavior of mixtures of block

copolymer and homopolymer has been extensively studied

experimentally and theoretically.
287-308

A large domain size can be also obtained by using the

microemulsion concept.
309,310

 When the amount of added

homopolymers to block copolymers becomes too large,

macrophase separation occurs. However, just before the

macrophase separation, microemulsion made of the coexist-

ence of AB block copolymer and A and B homopolymers is

formed at a very narrow region of total volume fractions of

the homopolymers. Since microemulsion morphology shows

cocontinuous structure, it is very useful for fuel-cell appli-

cations.
311,312 

Recently, Park and Balsara
313

 prepared poly

(styrene-co-sulfonated styrene)-block-polymethyl butylenes.

This block copolymer can show microdomains even when

the total molecular weight is as small as 3,200. Due to the

very small molecular weight, the size of hydrophilic phase

becomes 2~4 nm, which is a very useful range for polymer

electrolyte membranes to enhance significantly the proton

conductivity.

Block copolymers have also been utilized as a template

for inorganic materials.
314-320

 Wiesner and coworkers used

PI-b-PEO as structure-directing agents for organically mod-

ified ceramic precursors, 3-glycidyloxylpropyl trimethoxysilane

(GLYMO) and aluminum sec-butoxide (Al(O
s

Bu)
3
).

314,315

Depending upon the amount of GLYMO-Al(O
s

Bu)
3
 precur-

sors which are compatible with PEO block, morphologies

covering spheres, cylinders, bicontinuous cubic structures

are found similar to those observed in A-B diblock copoly-

mers. Interestingly, the bicontinuous cubic morphology is

the Plumber’s nightmare morphology,
317

 which is in con-

trast to the double gyroid morphology observed for diblock

copolymers. Very recently, high crystalline mesoporous

transition-metal oxides with large and uniform pores were

fabricated by in-situ formed carbon as a rigid support.
318

These mesopores retain the original mesoporous structure

even after heat treatment to temperatures as high as 1,000 
o

C.

Block Copolymers in Thin Films

Control of Nanodomain Orientation. Thin films of

block copolymers have gained intensive attention due to

their potential use as templates and scaffolds for the fabrica-

tion of nanostructures.
64-74,321-327

 To apply the block copoly-

mer thin film to nanotechnology, the orientation of the

microdomains becomes very important. Especially, when

the anisotropic microdomains, such as lamellar and cylin-

ders, are aligned to one direction, it can be used for nanopat-

terns with a specific orientation. For lamellar forming block

copolymer thin film, the lamellar microdomains are usually

oriented parallel to the substrate. Namely, one block with

the lower surface energy tends to migrate to the surface (air

side), whereas the other block having a preference with a
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substrate is located at the substrate.
328-330

 For an A-b-B

diblock copolymer having lamellar microdomain, the orien-

tation of microdomains also depends on the film thickness

(t). When the A block is located on both the air surface as

well as the substrate, a parallel orientation without having

islands (or holes) morphologies is achieved for t = nL
o
 (in

which n is the integer and L
o
 is the lamellar domain spac-

ing). This is referred to as the commensurability condition

for the symmetric wetting, as found for PS-b-PI or PS-b-

PnBMA.
328

 On the other hand, when the A block prefers to

locate on the air side, but the B block is located on the sub-

strate, the commensurability condition is met for t = (n + 1/2)

L
o
. This is referred to as the commensurability condition for

the asymmetric wetting, as found for PS-b-PMMA.
329

 When

the film thickness does not satisfy the commensurability

condition, islands (or holes) with thickness of L
o
 form.

Although the parallel orientation of cylindrical micro-

domains can be used to prepare nanowires connecting to

two different electrodes, the vertical orientation (or align-

ment) of nanodomains in block copolymer thin film would

be very important since it can be used as pattern mask or

nanoporous membrane. For this purpose, a widely used

block copolymer is PS-b-PMMA having lamellar or cylin-

drical microdomains.
331-335

 When PS-b-PMMA is spin-coated

onto a silicon surface, PMMA block has a preference with

silicon surface due to the hydrophilic property, and PS block

is placed on the top of the film due to lower surface energy.

These two effects induce PMMA microdomains with lamel-

lar or cylinders parallel to the silicon substrate. In order to

overcome these two effects enough to generate perpendicu-

lar orientations, the interaction between each block and sub-

strate should be similar and there should be the judicious

thickness control. For PS-b-PMMA with lamellar micro-

domains, a parallel orientation becomes most unstable when

t is close to nL
o
.

To provide a similar interaction between each block and a

substrate, the surface should be modified. For instance,

when a random copolymer brush made of polystyrene-ran-

poly(methyl methacrylate) (PS-r-PMMA) is attached to the

silicon substrate, the PMMA cylinders (or lamellae) in PS-

b-PMMA are oriented perpendicular to the silicon substrate

when t ~ L
o
.
331-333

 PS-r-PMMA should have an end-func-

tional group of OH that can react with native silicone oxide;

thus the random copolymer chains are anchored to the sub-

strate. However, this random polymer cannot be used when

a substrate does not have any functional group to react with

hydroxyl group.

To overcome the limit of a hydroxyl terminated PS-r-

PMMA, Russell and Hawker and coworkers
334,335

 employed

a new random copolymer consisting of styrene and methyl

methacrylate and benzocyclobutene (BCB). Since BCB is

thermally crosslinked by itself, this random copolymer brush is

very effective to generate a vertical orientation of cylindri-

cal nanodomains of PMMA in PS-b-PMMA on various

substrates including metals, semiconductors and even poly-

mers, as shown in Figure 12. However, the random copoly-

mer brush approach for the vertical orientation is only valid

for a relatively small thickness (t ~ L
o
), since the neutral

condition near the substrate becomes faded with increasing

t. Very recently, Kim et al.
336

 achieved a perpendicular ori-

entation of a relatively thick film by repeat spin-coating fol-

lowed by the crosslinking by using a block copolymer with

thermo-crosslinkable block. However, the BCB monomer is

hard to synthesize, and a significant amount of heat (> 200
o

C)

is required to effectively crosslink the thin film and the neu-

tralization layer cannot be photochemically patterned. To

overcome these disadvantages, Bang et al.
337

 synthesized a

new type of crosslinkable random copolymer with azide

functional group that can be selectively crosslinked by

either heat or UV light.

Other methods to obtain a vertical orientation of the

Figure 12. (a) Diagram of the evaporation process used to gener-

ate gold squares in a grid of silicon oxide, a chemically heteroge-

neous surface. Left panels are obtained by directly spin-coating

onto this heterogeneous surface. Right panels are obtained on a

surface where a cross-linked random copolymer film is used.

Reproduced with permission from Ref. 334; Copyright 2005,

American Association for the Advancement of Science.
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microdomains are to use an electric field (E-field)
338-345

 and

a magnetic field,
346

 although the latter is not efficient com-

pared with the former. When the dielectric constant between

the constituent blocks is different, the E-field aligns the

microdomains toward the E-field direction; thus vertically

oriented cylindrical microdomains are obtained for a rela-

tive thick film up to several microns. Hashimoto and

coworkers showed that lamellar microdomains of PS-b-

PMMA thin film having a thickness of ~ 500 nm were

aligned vertically on a rough substrate.
347,348

 This is because

lamellar microdomains should be bent to accommodate into

the rough surface to be oriented parallel to the substrate.

This increases the enthalpic penalty for the bending of the

block; thus perpendicular orientation is more preferred, as

suggested by the theory.
349,350

 

Although most methods are based on the equilibrium con-

dition, the vertical orientation of lamellar or cylindrical

microdomains can be achieved by utilizing the non-equilib-

rium condition.
351-354

 For instance, the solvent evaporation

rate affects significantly the orientation of the cylindrical

microdomains of PS in the PS-b-PB-b-PS thin films. When

the solvent (toluene) evaporation is too slow, a parallel ori-

entation is observed. However, when the rate is rather fast (5

nl/s), a perpendicular orientation is generated.
351

 Although the

reason for the vertical orientation by the solvent is still

unclear, it might be explained as follows. When PS cylin-

ders are aligned parallel to the substrate, a rigid block (here

PS) could prevent the solvent pass-way; thus vertical cylin-

ders are more preferred to remove the solvent very fast. If

the evaporation is too fast, there is no enough time for the

alignment for PS cylinders perpendicular to the substrate.

However, since the obtained morphology based on the sol-

vent evaporation method is not at equilibrium, further

annealing could change the pre-existing alignment. For

instance, when a film having vertically orientated PS cylin-

ders is annealed at temperatures higher than the glass transi-

tion of PS block, parallel oriented PS cylinders are formed.

Russell and coworkers also found that PEO cylindrical

microdomains in PS-b-PEO thin film are oriented vertically

to the substrate when PS-PEO is spin-coated onto a silicon

substrate.
355-357

 Later, they found that the lithium salt, which

was introduced during the anionic polymerization of PS-b-

PEO, helps the vertical orientation of PEO in the thin film

through the complexation of lithium salt and PEO block.
358,359

The solvent evaporation process is a fast and simple route

for fabrication of vertically oriented nanostructures, although it

does not utilize the equilibrium condition.

Kramer and coworkers found that lamellar and cylindrical

microdomains of polyethylene in polycyclohexylethylene-

block-polyethylene-block-polycyclohexyl ethylene triblock

copolymer are oriented normal to the film thickness (t ~ 600

nm).
360

 This was explained by the SCMF theory that for a

small difference in the surface energy between two blocks,

the entropy penalty associated with the midblock looping in

the surface wetting layer for the parallel orientation is larger

than the enthalpic penalty arising between two blocks.
361

Once the microdomains are aligned vertically to the sub-

strate, the microdomain size can be easily controlled by either

using different molecular weights or adding homopoly-

mers.
362-366

 Jeong et al.
363-366

 demonstrated that the domain

size of PMMA microdomains in PS-b-PMMA thin film was

tuned by the addition of homopolymers of PMMA or PEO.

When the added homopolymer is much smaller than that of

the block copolymer, it becomes uniformly mixed with the

microdomains. In this situation, the microdomain size does

not increase. With increasing amount and molecular weight

of added homopolymer, the lattice spacing and micro-

domain sizes are gradually increased, as shown in Figure

13.
365

 To increase the microdomain size effectively, the

homopolymer must be located in the middle of the micro-

domain. The vertically oriented PMMA cylindrical micro-

domains in PS-b-PMMA thin film are easily removed; thus

vertically aligned nanoholes are generated.

However, it is not easy to reduce the microdomain

domain size (or hole size) to less than ~10 nm. Because the

hole size (or microdomain size) is proportional to two-thirds

power to molecular weight (see eq.(3)), the molecular

weight of PS-b-PMMA becomes very small to have a

microdomain size with less than ~10 nm. Unfortunately,

such a small molecular weight block copolymer could not

microphase-separate because χN < 10.5. Therefore, to

achieve small sized holes, two different methods have been

employed. One is to extract only PMMA homopolymer

Figure 13. SEM images of PS-b-PMMA/PMMA mixture films

after removal of all PMMA in the film. The amounts of PMMA

homopolymer in the total PMMA phases are: (a) 0.0, (b) 0.03, (c)

0.09, and (d) 0.13. Reproduced with permission from Ref. 365;

Copyright 2003, ACS Publications.
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located at the middle of PMMA cylindrical microdomain in

PS-b-PMMA/PMMA mixture film.
363

 The other is to use

crosslinking of PS matrix by ozone treatment of the PS-b-

PMMA film.
366

It is not easy to have vertical orientation of PMMA cylin-

drical microdomains in PS-b-PMMA film with a very large

thickness unless an external field as E-field is used, even

though simulation results suggest the possiblilty.
367-369

 Jeong

et al.
370

 showed that vertically oriented PMMA cylinders

were obtained even for a film thickness up to 330 nm,

which is more than ten times larger than the domain spac-

ing, as shown in Figure 14. This was achieved by using PS-

b-PMMA/PMMA mixture film spin-coated on a random

brush modified silicon substrate. It is noted that PS-b-

PMMA was synthesized by atomic transfer radical poly-

merization (ATRP), not anionic polymerization. The large

persistence of cylindrical microdomains toward the thick-

ness direction is the combined effect of high localization of

PMMA homopolymer at the center of PMMA microdomain

and the tacticity of PMMA blocks of PS-b-PMMA synthe-

sized by ATRP giving lower glass transition compared with

PS-b-PMMA prepared by anionic polymerization. The ver-

tically aligned cylindrical microdomains in relatively large

film thickness could be very useful for preparing metal or

conductive polymer nanowires having high aspect ratio and

filtration membrane.

Lateral Long Range Ordering of Nanodomains. Although

block copolymers provide various kinds of nanodomains,

the lateral long range ordering of the nanodomains is very

difficult to be achieved due to their self-assembly nature.

However, when these nanodomains are applied for nano-

lithography, the defect (or grain boundary) should be mini-

mized. To achieve this goal, numerous studies have been

carried out. Various kinds of flow field (oscillatory and

steady shear, elongational flow, and combined flows) have

been applied to block copolymers.
40,371-376

 The shearing flow

is easily generated by rotating rheometer. Although the lamellar

microdomains could be aligned to three directions
371,373

 (flow

direction (parallel orientation), velocity gradient direction

(perpendicular orientation) and vorticity direction (normal

orientation)), most lamellar microdomains are aligned to the

shearing direction when the shearing force is small. A roll

casting method was also used to generate the orientation in

a large area.
374,375

Although the shearing on the thin film block copolymer

with thickness of ~100 nm (or less) is not easily generated

by a rheometer, Angelescu et al. successfully applied a

shearing force to thin film block copolymer.
377,378

 They used

a thick sacrificial layer of poly(dimethyl siloxane) to pre-

vent rupture (or breakage) of the thin film during shearing,

and obtained the long range ordering of cylindrical nano-

domains aligned to the flow direction in the thin film. On

the other hand, when the film consists of only a monolayer

of spherical nanodomains, long range ordering could not be

attained. However, when they used another thin film

accommodating two layers of spherical nanodomains, the

long range ordering was successfully achieved.
378

Hashimoto and coworkers developed a temperature-gra-

dient method to obtain long range ordering of PS-b-PI thick

films.
379-381

 This is similar to a zone-refining process which

has been widely used to obtain a large grain size of single

crystalline silicon. This apparatus has heating and cooling

blocks and the temperature gradient direction is the thick-

ness direction. When the sample moves very slowly, the

originally disordered region of the block copolymer becomes

the ordered state at the T
ODT

. Due to the ordering very near

the T
ODT

 of the block copolymer, the grain size becomes

very large. After this part becomes the ordered state, the

sample moves, and then the adjacent part becomes again the

ordered state. However, this process is a too slow (2 mm/

day) process to obtain the long range ordering of the block

copolymer.

Thomas and coworkers utilized epitaxial crystalline growth

to align polyethylene microdomains in polyethylene-block-

poly(ethylene-co-propylene)-block-polyethylene.
382-385�

They

used the crystalline substrate such as benzoic acid or

anthracene. However, this method has some limitations.

Namely, the film thickness should not be larger, because the

Figure 14. Cross-sectional SEM images of mixture of PS-b-

PMMA/PMMA homopolymer film with high aspect ratio cylin-

ders oriented vertically to silicon substrate. Thicknesses of the

films are (a) 92 nm and (b) 329 nm. Reproduced with permission

from Ref. 370; Copyright 2004, WILEY-VCH Verlag GmbH &

Co. KGaA.
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memory effect (epitaxial ability) fades away with increasing

thickness. Also, the crystalline substrate and crystalline

block copolymer are needed. To overcome these disadvan-

tages, they used directional solvent crystallization which

can be used to align the cylindrical microdomains parallel

(or perpendicular) in PS-b-PI thin film to the substrate.
385,386

Kramer and coworkers
387,388

 developed a graphoepitaxy

method to fabricate perfect lateral ordering of the spherical

microdomains of P2VP in PS-b-P2VP copolymer, as shown

in Figure 15. They first prepared a rectangular trough to

make the geometric confinement by using conventional

photolithography and chemical etching. The depth of the

trough is the lattice spacing of PS-b-P2VP, where only a sin-

gle layer of spherical microdomains is accommodated. This

is a good example for the preparation of long range ordering

of the microdomains by a combination of the top-down and

bottom-up methods. The graphoepitaxy method was extended

to generate the long range ordering of the cylindrical micro-

domains of P2VP in PS-b-P2VP.
389

Later, Ross and Thomas and coworkers studied the pack-

ing of a multiple layer of poly(ferrocenyl dimethyl silane)

(PFS) spherical microdomains in PS-b-PFS by varying the

width of the trough (W).
390-393

 When W = nd (in which n is

the integer, and d is the distance between the rows of spher-

ical domains in a closed-packed two dimensional array; thus

d = p/2 in which p is the center-to-center spacing of

spheres), the n layers of spherical microdomains with a

diameter of D
o
 (in which D

o
 is the diameter of PFS in the

bulk PS-b-PFS) are observed. However, for (n - 1/2)d < W

< nd, the total layers of spherical microdomains are n, but

the diameters of these spheres are smaller than D
o
. On the

other hand, for nd < W < (n + 1/2)d, the total layers of spherical

microdomains are n, but the diameters of these spheres are

larger than D
o
. This is because the microdomains should be

strictly confined to the rigid wall; thus there is no way to

have island or hole structures with the maintenance of the

same D
o
 when W ≠ nd. A similar behavior was also reported

for the lamellar spacing change when the lamellar micro-

domains are confined between two flat rigid walls (one-

dimensional confinement).
394-398

When the rigid wall is not flat, for instance, cylindrical or

spherical hard walls, spatial confinement due to curvature

frustration induces many interesting microdomain struc-

tures that cannot be achieved by block copolymers without

the confinement.
399-403

 For cylindrical (or two-dimensional)

confinement, anodized alumina porous membranes with

diameter (D) of 20-500 nm are widely used.
399-402

 When

D/L
o
 is larger than ~3, the lamellar microdomains become

concentric rings along the cylindrical axis of the pores.

When D/L
o
 is not equal to n for symmetric wetting, the

number of concentric rings becomes either 2n+1 or 2n by

changing the size of the microdomains. On the other hand,

when D/L
o
 approached to 1, a very interesting morphology,

such as torus and helical morphology, was obtained.
399-402

These morphologies are predicted theoretically.
404-406

 Three-

dimensional confinement on microdomains was also inves-

tigated by using spherical nanoparticles.
407

 In this situation,

lamellar microdomains become consecutive layers of lamel-

lae on the spherical particles. 

One of the easiest methods to fabricate long range order-

ing of microdomains is to use the solvent annealing intro-

duced by Russell and coworkers.
356,357

 This is similar to the

temperature gradient method, but solvent annealing is much

more easily achieved. Figure 16 shows perfect long range

ordering of PEO cylindrical microdomains in PS-b-PEO

vertically aligned to the substrate.
356

 However, since it is not

easy to remove PEO block, they introduced PS-b-PMMA-

b-PEO triblock copolymer. In this case, both a long range

lateral ordering and the easy removal of PMMA micro-

domains generate well-ordered cylindrical pores which can

be used as excellent templates for future nanotechnology.
408

Nealey and coworkers used a patterned surface prepared

by soft X-ray technique,
409-414

 which is similar to the method

introduced by Russell and coworkers.
415,416

 Since the expo-

sure area becomes hydrophilic, the hydrophilic part (here

3

Figure 15. Scanning force microscopy image of PS-b-P2VP films

with spherical microdomains of P2VP. The films are confined

between solid walls. Reproduced with permission from Ref. 387;

Copyright 2001, WILEY-VCH Verlag GmbH & Co. KGaA.

Figure 16. Long range ordering of cylindrical microdomains of

PEO in PS-b-PEO thin films annealed in a benzene vapor. Repro-

duced with permission from Ref. 356; Copyright 2004, WILEY-

VCH Verlag GmbH & Co. KGaA.
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PMMA block) in the PS-b-PMMA is exactly placed onto

the exposure area. In this way, they prepared perfect lateral

ordering of the lamellar microdomains, as shown in Figure

17. It is very essential to control the width (W) of each pat-

tern to obtain perfect lateral ordering.
410

 Namely, without W

being close to L
o
 of PS-b-PMMA, perfect lateral ordering

could not be achieved. Recently, they extended this method

to generate perfect lateral ordering of vertically oriented

PMMA cylindrical domains in PS-b-PMMA.
411,412

 Also, vari-

ous complex patterns having sharp angle and curvature that

are encountered in commercially available chip architecture

are also prepared by the addition of the homopolymer.
413,414

 

Application of Block Copolymer Thin Films. Block

copolymer thin films can be widely used to generate a nano-

pattern. Register and coworkers prepared nanohole and nano-

dot arrays with a density up to ~10
12

/in
2

 by using PS-b-PB

thin films.
322

 For this purpose, a monolayer of spherical PB

microdomains is first prepared by spin-coating of PS-b-PB

in toluene solution. Then, ozone irradiation degrades PB

spheres completely to generate nanoholes. Because of holes

and a rigid PS matrix, the reactive ion etching rate becomes

different; thus nanoholes are generated onto silicon nitride

substrate. On the other hand, when PB is stained OsO
4
, the

spheres have much resistance compared with PS matrix. In

this case, the final structures after reactive ion etching (RIE)

become a nanodots array. To avoid many steps required in

the above method, Thomas and coworkers used PS-b-

PFS.
417,418

 After the volume fraction of PFS block in PS-b-

PFS is judiciously controlled, cylindrical microdomains of

PFS are normally oriented to the substrate. In this situation,

the etching rate of PS matrix is quite fast; thus a PFS nano-

dot array is one-step fabricated after spin-coating followed

by RIE.

Russell and coworkers utilized PS-b-PMMA thin films

having PMMA cylindrical microdomains aligned vertically

to the substrate.
70,331-334

 Since PMMA is easily removed by

ultra-violet irradiation followed by rinsing with acetic acid,

PMMA cylinders becomes nanoholes that span through the

entire film. Once nanoporous films with cylindrical pores

are generated, these are widely used for various kinds of

nanopattern masks, and functional nanomaterials. For instance,

dense, ordered arrays of <100>-oriented Si nanorods were

fabricated using PS-b-PMMA as etching resist and RIE.

This approach combines control over diameter, orientation,

and position of the nanorods and compatibility with com-

plementary metal oxide semiconductor (CMOS) technology

because no nonvolatile metals generating deep levels in sili-

con, such as gold or iron, are involved.
419

 Also, by using PS-

b-PMMA thin film, Toshiba prepared a high density array

Figure 17. The perfect epitaxial ordering of PS-b-PMMA pattern

extended over a 5×5 μm area. Reproduced with permission from

Ref. 409; Copyright 2003, Nature Publishing Group.

Figure 18. SEM image of the patterned magnetic medium

(Co74Cr6Pt20) with a 40 nm diameter. The scale bar indicates 100

nm. The right represents the whole image of the patterned media

disk prepared on a 2.5 in HDD glass plate. Reproduced with per-

mission from Ref. 420; Copyright 2002, IEEE.

Figure 19. High aspect ratio silicon pore formation using a pat-

terned oxide hard mask. Schematic diagrams of the process: (a)

Patterned SiO2 on silicon. (b) Silicon RIE using oxide hard mask.

(c) Oxide removal. Titled SEM images of (d) Etched silicon pores

after oxide removal, and (e) ALD TaN coating oxidized trench

sidewalls. Reproduced with permission from Ref. 421; Copyright

2001, American Institute of Physics.
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of magnetic particles in a 2.5 inch disk, as shown in Figure

18.
420

 To have long range ordering of microdomains, they

used the graphoepitaxial method. They also prepared highly

luminescent materials based on block copolymer thin film.

Black and coworkers
421-423

 fabricated porous silicon materi-

als, as shown in Figure 19. These can be used as low dielec-

tric materials. And, Russell and coworkers utilized

nanoporous block copolymer thin film to fabricate a high

density array of cobalt nanowires. Interestingly, the mag-

netic properties of nanowires are quite different from those

of bulk cobalt.
345

Also, nanoporous block copolymer thin film can be

directly used for filtration membranes to separate many

types of viruses.
424

 Figure 20 shows a schematic for the fab-

rication of asymmetric nanoporous membranes. The top

separation layer (~80 nm thick) is made from a thin film of

a mixture of PS-b-PMMA and PMMA homopolymer, with

cylindrical microdomains of PMMA, on a ~100 nm thick

sacrificial silicon oxide layer (Figure 20(a)). This thin film

can be floated from the substrate by using a buffered HF

solution to dissolve the oxide layer. Then, it is transferred

onto the microfiltration polysulfone membrane, which acts as

a support (Figure 20(b)). The adhesion between the block

copolymer and the PSU membrane is sufficient to maintain

the mechanical integrity of the system during the fabrication

and filtration experiments. Porous thin films of the upper

layer can be prepared by selectively removing the PMMA

homopolymer from the cylindrical PMMA microdomains

with acetic acid (Figure 20(c)). This produces a well-

ordered array consisting of ~15 nm diameter pores with a

narrow pore size distribution, which completely prevents

the HRV14 virus (colored green) from penetrating into the

pores, while proteins, such as bovine serum albumin (BSA)

(colored yellow) with a size of ~7.2 nm, can pass freely

through the pores in the membrane (Figure 20(d)). Very

recently, Kim and coworkers extended this filtration mem-

brane for virus separation at high pressures. For this pur-

pose, the nanoporous film thickness was increased to ~160

nm, where perpendicularly oriented nanopores are only

observed at top and bottom surfaces, whereas a mixture of per-

pendicular and parallel cylindrical pores is formed.
425

The analysis of these nanoporous structures is important

to determine the shape of nanopores in the thin film. Kim et

al.
 426-428 

employed thin films of PS-b-PMMA having PMMA

cylindrical microdomains oriented normal to a substrate as

optical waveguide spectroscopy (OWS) in the Kretschmann

configuration device, as shown in Figure 21.
 

With this

method, they characterized several nanofabrication pro-

cesses, for instance, the pore generation by the removal of

PMMA, the filling the nanopores by liquid media with dif-

ferent refractive indices, the reversible pore formation pro-

cess by selective solvent swelling. They also predicted

different optical properties of Au/block copolymer hybrid

waveguide layers depending on the location of Au nanopar-

ticles. The nanostructurs in the thin films supported on sub-

strates were also characterized by grazing incidence X-ray

scattering.
429

 2D grazing incidence x-ray scattering (GIXS)

measurements combined with a scattering theory were con-

ducted for thin films of a mixture of PS-b-PMMA and

PMMA homopolymer on a silicon substrate and porous

structures prepared by UV irradiation and followed by ace-

tic acid rinsing, and the results are shown in Figure 22.

GIXS provides detailed structural information of nanostruc-

ture (i.e., shape, size and size distribution, orientation, and

packing order). 

Nanoporous block copolymer films can be used for excel-

lent anti-reflection coating materials.
430

 For this purpose,

nanoporous films were prepared by spin-coating of PS-b-

PMMA on glass, followed by removing PMMA blocks by

Figure 20. Schematic depiction of the procedure for the fabrica-

tion of asymmetric nanoporous membranes. Reproduced with

permission from Ref. 424; Copyright 2006, WILEY-VCH Verlag

GmbH & Co. KGaA.

Figure 21. (a) Schematic depiction of the OWS setup based on

the Kretschmannn configuration, (b) schematic diagram of a thin

film of PS-b-PMMA/PMMA mixture. Reproduced with permis-

sion from Ref. 427; Copyright 2005, WILEY-VCH Verlag GmbH &

Co. KGaA.
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UV irradiation and rinsing with acetic acid, as shown in Figure

23. When spin-coated PS-b-PMMA was no longer annealed

at high temperatures, microphase separation between two

blocks occurred only in the short-range scale. The porous

films prepared from PS-b-PMMA with a volume fraction of

PMMA block of 0.69 exhibited a sponge-like nanoporous

structure over the entire film thickness and showed excel-

lent antireflection with a minimum reflection less than 0.1%

at visible and near-infrared wavelengths. The observed

reflectances were in good agreement with the predictions

based on the characteristic matrix theory, as shown in Fig-

ure 24.
430

Finally, block copolymer micelles provide an excellent

platform for fabricating highly ordered 2-D arrays of metal

and semiconductor nanoparticles on various substrates. The

size of the nanoparticle and the interspacing between the

particles can be easily controlled by adjusting the length and

volume fraction of each block.
80-85,431-435

 Three different

approaches have been developed to fabricate 2-D arrays of

nanoparticles by using the micellar templates. First, metal

ions are selectively loaded to one of the blocks of block

copolymer in solution and spin coated on solid substrates to

obtain monolayer thin film. The utilization of high-energy

irradiation such as plasma, electron beam or ion-beam

removes the block copolymer template and generates nano-

particle arrays in a single step.
436,437

 The fabrication of Au,

Pd and Pt nanoparticle arrays was successfully demon-

strated by utilizing PS-b-PVP micellar template.
438,439

 Spatz

et al. showed the tunable interspacing of Co and Co
3
O

4

nanoparticle arrays by employing PS-b-PVP copolymer

with different block lengths.
438

 2-D arrays of optically active

ZnO and TiO
2
 nanoparticle have also been fabricated by

using a micellar template.
440

 The TiO
2
 nanoparticles are used as

seeds for the growth of arrayed TiO
2
 needle-like nanostruc-

Figure 22. 2D GIXS patterns for thin films of a PS-b-PMMA/

PMMA mixture deposited on silicon substrates before and after

UV-etching: (a) unetched 28.5 nm thick film; (b) unetched 78.8 nm

thick film; (c) etched 25.0 nm thick film; (d) etched 86.1 nm

thick film. Reproduced with permission from Ref. 429; Copy-

right 2007, International Union of Crystallography.

Figure 23. (a) Three-dimensional AFM height image, (b) height

profile, and (c) cross-sectional FE-SEM image of PS-b-PMMA

film after UV irradiation followed by rinsing with acetic acid.

Reproduced with permission from Ref. 430; Copyright 2006,

ACS Publications.

Figure 24. Reflectances of PS-b-PMMA film with three thick-

nesses ((� ) 126 nm, (� ) 169 nm, and (� ) 200 nm) after UV

irradiation followed by rinsing with acetic acid. The predicted

reflectances by the theory were given as solid curves (1~3).

Reproduced with permission from Ref. 430; Copyright 2006,

ACS Publications.
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tures. By varying the concentration of metal ion loading in

PS-PVP micelles, Yun et al. showed the size tuning of iron

oxide 2D nanoparticle arrays.
441-443

 Recently, highly ordered

arrays of Au nanoparticle in large areas were successfully

fabricated from block copolymer micelles.
444

 Ethirajan et al.

fabricated ordered 2-D arrays of magnetically attractive

FePt nanoparticles on a silicon substrate by a micellar

approach.
445

 Highly ordered arrays of silica dots, stripes and

magnetic dots were also fabricated from block copolymer

thin films.
446,447

Second, the conversion of the loaded metal ions of the

micelles core into nanoparticles in the solution itself pro-

vides another interesting method to fabricate 2-D nanoparti-

cle arrays. Block copolymer micelles have been extensively

used to prepare metal-sulfide nanoparticles with controlled

size.
448-450

 However, only few reports were described the 2-D

nanoparticle arrays.
451-453

 The direct synthesis of metal-

selenide nanoparticles in PS-b-PVP micelles leads to easy

fabrication of 2-D nano-arrays on solid substrate, as shown

in Figure 25.
85 

Third, ordered micellar templates are obtained by

spin coating the micelle solution (without metal ion load-

ing) on a substrate and an exposure of this micellar template

to a selective solvent favorable to the core of the micelles

opens the core and corona partially, and generates ordered

pores on the template surface.
454

 A porous template obtained by

dipping the PS-b-P2VP micellar template in acetic acid was

used for the growth of vertically oriented polyaniline

nanowires.
455

 Metal and metal oxide nanoparticle arrays

have also been fabricated by either exposing the PVP core

opened PS-b-PVP micellar templates to metal ion precursor

or immersing the templates in core favored solution con-

taining metal ions.
456-458

 Surface functionalized CdSe nano-

particles are assembled in a highly ordered manner within

the PS-b-PVP films.
459

 

Although inorganic materials replicated from block copoly-

mer templates exhibit regular and periodic nanostructures,

exquisite and chaos morphologies containing one-dimen-

sional (1D) nanostructures have gain much attention.

Recently, Kang et al. reported a sphere-to-string transition

induced by the addition of a surfactant to or by the increase

in ionic strength of an amphilic block copolymer micelle

solution.
460

 Juan et al. showed a simple and facile process to

frabricate two-dimensional strings of TiO
2
 nanoparticles

with donut-like structures based on block copolymer self-

assembly coupled with a sol–gel process.
461

Summary and Outlook

In this paper, we have described in detail the phase behav-

ior and some applications of block copolymers in bulk as

well as thin films. The current research trends of the block

copolymer areas are divided into two broad parts. The first

part is to synthesize new kinds of block copolymers, for

instance, block copolymers containing conducting poly-

mers, based on anionic or atom transfer radical polymeriza-

tion. The other is to utilize the block copolymer (especially

thin film) as soft templates to prepare various functional

nanomaterials. Block copolymers have shown good poten-

tial for nanopatterning with size less than 40 nm, nanotem-

plates for conducting polymer nanowires, and/or two

dimensional arrays of many different nanoparticles. Also,

amphiphilic block copolymers forming various kinds of

micelles can be used for controlled drug release. And, nano-

porous block copolymer thin film itself can be used for new

filtration membranes.

On the other hand, there are still some unsolved problems

in block copolymers. In particular, there is no comprehen-

sive theory to predict the rheological properties such as

shear moduli and/or viscosity of block copolymer in the

homogeneous state as well as in the ordered state. Although

the SCMF can predict successfully the phase behavior of

block copolymers with various microdomains, the concept

of the mean-field might not be in principle valid for the

block copolymers. Even though the average force can be

assumed not to change dramatically with position, the inter-

action (or repulsion) between two blocks should be position

dependent. Because of the connectivity (or junction point)

of the block copolymer, the interaction between two differ-

ent molecules located near the connectivity point should be

different from that of the average of the whole space. For

this purpose, molecular dynamic approach (or computer simu-

lation) should be done. We expect that this is utmost needed

for block copolymers containing one (or both) rigid rod block.
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Figure 25. Top and 45
o

 tilt view SEM images of two-dimen-

sional array of pure CdSe nanoparticles prepared from (a) PS-b-

P4VP-CdSe-1 and (b) PS-b-P4VP-CdSe-2 micellar solution. Repro-

duced with permission from Ref. 85; Copyright 2008, Royal

Society of Chemistry.
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