
Introduction

The self-assembly of block copolymers through mi-

cro-phase separation of block components as the re-

sults of repulsive interaction between copolymer con-

tents are well investigated [1–6]. These self-assembled

di-block copolymers form the nano-scale ordered

morphologies such as spheres, cylinders, bi-continuous

gyroid, lamellae as the equilibrium structure depending

on the relative volume fractions of components and

temperature [7, 8]. Both Flory–Huggins interaction pa-

rameter between copolymer components (χ) and total

degrees of polymerization of AB type copolymer

(N=n+m in AnBm) influence strongly on the nano-scale

structure from thermodynamic viewpoint [9, 10].

We have reported the nano-scale ordered struc-

ture and phase transitions for amphiphilic di-block co-

polymer consisted of hydrophilic poly(ethylene oxide)

and hydrophobic poly(methacrylate) having azoben-

zene moieties in ester groups (p(EO)npMA(AZ)m)

[11–13]. The amphiphilic di-block copolymers

p(EO)npMA(AZ)m form the ordered hexagonal-

packed p(EO) cylinder structure selectively in the wide

ranges of both copolymer content and temperature.

The order of hexagonal packed cylinder structure is af-

fected by annealing temperature [11, 12]. From the

polymerization difficulty of p(EO)n pMA(AZ)m with

high degree of polymerization of p(EO), the nano-scale

ordered structure of p(EO)npMA(AZ)m having higher

p(EO) content had not investigated yet. In this study,

the nano-scale ordered structure and the mixing state of

blends of p(EO)114pMA(AZ)m and homo p(EO)114 poly-

mer having same degree of polymerization of p(EO)

were discussed. The nano-scale ordered structure

changes in the blend systems of di-block copolymer and

homopolymer are well investigated for lamellar struc-

ture of di-block copolymers [14–16] and tri-block co-

polymers [17].

For the blend system, the evaluation of mixing

state is important to discuss the structure caused by the

micro-phase separation of block copolymer. Generally,

the miscibility of blends including crystalline polymer

is evaluated from the relationship between melting

temperature and blend content. We have proposed the

evaluation method of mixing from the viewpoint of

crystallization process [18]. The nucleation and crystal

growth rates for miscible blends depended on the blend

content, however, these rates were independent on the

blend content for immiscible blends [19–21]. In this

study, the mixing state of di-block copolymer and

homopolymer blends were evaluated by the analysis of

crystallization dynamics at isothermal conditions and of

nano-scale ordered structure.

Experimental

Materials and preparation of blends

The amphiphilic di-block copolymer, p(EO)114

pMA(Az)24 (Scheme 1) and poly(ethylene oxide)

homopolymer, p(EO)114 were used through this study.

The blends of p(EO)114pMA(Az)24 and p(EO)114 were
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prepared by solution casting method from toluene so-

lution, and were dried under reduced pressure. The

p(EO) content of blends were 40 (B4), 50 (B5), 60

(B6), 70 (B7), 80 (B8) and 90 (B9) in mass %. Before

DSC and SAXS measurements, all samples contain-

ing p(EO)114pMA(Az)24 were annealed at 140°C for

24 h in order to form the equilibrium nano-scale

ordered structure.

Differential scanning calorimetry (DSC)

The phase transition behaviors and the isothermal

crystallization were carried out by a differential scan-

ning calorimeter (DSC6200, Seiko Instruments Co.

Ltd) equipped with a cooling apparatus in dry nitro-

gen gas atmosphere. The sample mass and scanning

rate were about 3 mg and 10 K min–1, respectively.

The phase transition temperatures of melting and

crystallization were employed as the on-set tempera-

ture at 10 K min–1. The isothermal crystallization was

carried out at predetermined crystallization tempera-

tures (Tc) after cooling at 10 K min–1 from 60°C. After

isothermal crystallization, the melting temperature (Tm)

was obtained by heating at 10 K min–1 from Tc to 60°C.

Small-angle X-ray scattering (SAXS)

The SAXS measurements were carried out at the

beam line 10C at Photon Factory, High Energy Accel-

eration Organization, Tsukuba, Japan. The wave-

length of monochromatic X-ray was 0.1488 nm. The

distance between sample and detector (PSPC, Rigaku

Co. Ltd, 512 channels) was 860 mm, which covered

1.02 nm<s–1=q/2π=λ/2sinθ<60.8 nm.

Results and discussion

Figure 1 shows the DSC curves of p(EO)114,

p(EO)114pMA(Az)24 and blend systems on second heat-

ing (Fig. 1a) and second cooling process (Fig. 1b). In

the case of p(EO)114pMA(Az)24, on heating (Fig. 1a),

the endothermic peaks at 37 and 111.7°C corresponded

to the melting of p(EO) and the isotropic transition of

azobenzene moieties, respectively. The isotropic tran-

sition temperature has no influence by blending with

p(EO)114. The double melting peaks was observed at

56°C for p(EO)114, the mechanism of double peaks

was not clear. For blend samples, two types of melt-

ing peak of p(EO) were observed, one was due to the

melting of p(EO) in di-block copolymer and the other

was due to the melting of p(EO)114. The melting tem-

perature of the former endothermic peak shifted from

37 to 42°C with the increase of φp(EO) and leveled off

above 70%. The melting temperature of the latter

main peak had no influenced by blending, however,

the double melting peaks became to the single peak by
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Fig. 1 DSC curves of homo-polymer p(EO)114, copolymer

p(EO)114pMA(Az)24 and blend systems (B4, B5, B6,

B7, B8 and B9) on a – second heating and b – second

cooling at ± 10 K min–1

Scheme 1. Molecular structure of p(EO)mpMA(Az)n block co-

polymer



blending with p(EO)114pMA(Az)24. These results indi-

cated that the p(EO) domains of di-block copolymer

mixed with p(EO)114 in the φp(EO) range up to 70%.

For the cooling process, the exothermic peak due

to crystallization of p(EO)114 shifted from 48 to 39°C

continuously with the decrease of φp(EO) until 40%.

The crystallization peak of p(EO)114 accompanying

shoulders at the lower temperature side were ob-

served for p(EO)114 and the blends having higher

p(EO) content. The crystallization of p(EO)114 was

disturbed by blending with p(EO)114pMA(Az)24.

These results suggested that p(EO)114 mixed with

di-block copolymer in some extent.

From the exothermic peak observed during the

isothermal crystallization, the relative degree of

crystallinity, X(t) was obtained as follows.

X(t)=
∆

∆
H

H xo

t

e

(1)

where, ∆Hexo and ∆Ht indicate the total exothermic

enthalpy and the partial enthalpy at time t, respec-

tively. The X(t) changes at various crystallization

temperatures for homo-polymer p(EO)114,di-block co-

polymer p(EO)114pMA(Az)24 and the blend B4 are

shown in Fig. 2a, b and c, respectively. The equilib-

rium melting temperature Tm

0 , which was obtained by

Hoffman–Weaks plot of Tc and Tm of p(EO)114 and

p(EO) in p(EO)114pMA(Az)24 were 58.6 and 42.4°C,

respectively. Numbers in parentheses indicate the de-

gree of super-cooling ( –∆T T T= m

0

c ). As the isother-

mal crystallizations of blends examined in the tem-

perature range above 40°C which corresponded to the

crystallization range for p(EO)114, 58.6°C was used as

Tm

0 value of blends. From Fig. 2, the time required to

approach at X(t)=0.5 from the start time of exothermic

peak (t0.5) was obtained for all samples. The crystal

growth rate (G*) was defined by the reciprocal of t0.5.

The relationship between G* and ∆T for all

samples is shown in Fig. 3. Temperature dependence

of G* is described by the following equation [22].

G*=G0 = =⎛
⎝
⎜

⎞
⎠
⎟

∆
∆

E

RT
K T

RT T

m (2)

Here, G0, ∆E, R and K indicate a pre-exponential

parameter, an activation energy for molecular diffu-

sion through interface between amorphous and crys-

talline regions, gas constant and a constant including

surface free energy of crystallites, respectively. Tem-

perature dependence of G* for all samples shown in

Fig. 3 were described by Eq. (2), therefore, the crys-

tallization mechanism of p(EO) in di-block copoly-

mer, homopolymer and these blends were same. At

given ∆T, G* decreased with the decrease of φp(EO).

The ∆T value where G* approached to a constant

value (G*=0.07 min–1) was determined from Fig. 3.

The chemical potential difference (∆µ) required

to establish a constant crystallization rate from the

molten state is described as follows.

∆µ=∆ ∆f h T Tus m

0( / ) (3)

Here, ∆fush is the fusion enthalpy of molecule.

The ∆T T/ m

0 values obtained from Fig. 3 at a constant

G* are plotted vs. φp(EO) in Fig. 4. The ∆T T/ m

0 values

decreased linearly with increasing φp(EO) up to 60%

and leveled off above 60%. The linear relationship

between ∆T T/ m

0 and blend content is obtained for the

miscible blend systems, poly(vinylidenefluoride)/

poly(methylmethacrylate) [19], poly(vinylidenfluo-

ride)/poly(ethylmethacrylate) [19], atactic poly(sty-

rene)/syndiotactic poly(styrene) [20] and nylon

66/nylon 48 [21].

The result shown in Fig. 4 suggested that p(EO)114

miscible in p(EO) domain of p(EO)114pMA(Az)24 in

the φp(EO) range from 30 to 60%.

The nano-scale ordered structure for blend sam-

ples through micro-phase separation was determined

by small-angle X-ray scattering (SAXS). Figure 5
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Fig. 2 Changes of relative crystallinity X(t) with time at vari -

ous crystallization temperatures for a – p(EO)114,

b – p(EO)114pMA(Az)24 and c – B4



shows the SAXS profiles of copolymer

p(EO)114pMA(Az)24 and blend systems. The SAXS

peaks observed at scattering vector in the relation of

1 3 4 7: : : , which indicated that the nano-scale order

structure was a hexagonal packed cylinder for

p(EO)114pMA(Az)24 and blends in the φp(EO) range be-

low 60%. With increasing, φp(EO) the high-order

SAXS peaks ( 4 and 7) became smaller, the SAXS

profiles of the blends with φp(EO) above 70% has no

high-order peaks corresponding to 4 and 7. These

results suggested that the hexagonal cylinder struc-

ture was kept for the blends in the φp(EO) range below

60%, however, the order of hexagonal cylinder struc-

ture decreased with φp(EO). The blend B9 showed only

the first SAXS peak. The lattice distance of (100) and

(110) planes are plotted vs. φ
p(EO)

1 3/

in Fig. 6. As the

blend content was shown in mass %, the power low of
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Fig. 5 SAXS profiles of copolymer p(EO)114pMA(Az)24 and

blend systems (B4, B5, B6, B7, B8 and B9)

Fig. 4 Blend content (φp(EO) ) dependency of chemical poten-

tial function evaluated at crystal growth rate

(G*=0.07 min–1)

Fig. 3 Relationship between crystal growth rate (G*) and de-

gree of super-cooling (∆T) for homo-polymer p(EO)114,

copolymer p(EO)114pMA(Az)24 and blend systems (B4,

B5, B6, B7, B8 and B9)

Fig. 6 Relationship between φ
p(EO)

1 3/

and space distances of (100) and

(110) plane of hexagonal cylinder structure for homo-poly-

mer p(EO)114, copolymer p(EO)114pMA(Az)24 and blend

systems (B4, B5, B6, B7, B8 and B9)



weight increment contribution on the lattice distance

should be explained by 1/3 for the isotropic structure.

Although the hexagonal packed cylinder was ani-

sotropic structure, both lattice distance increased lin-

early up to 60% and approached to 21.4 and 12.2 nm,

respectively. These facts suggested that the blend of

p(EO)114 increased the cylinder distance effectively,

which was the results of the miscibility of p(EO)114 in

p(EO) cylinder of p(EO)114 pMA(Az)24. The SAXS

results shown in Fig. 6 agreed with the isothermal

crystallization results in Fig. 4.

Conclusions

The thermal properties and the nano-scale ordered

structure of p(EO)114pMA(Az)24/p(EO)114 blends

were investigated by DSC and SAXS. The crystalliza-

tion temperature depression of p(EO)114 by blending

of p(EO)114pMA(Az)24 was observed for all blend

samples. From the isothermal crystallization, the

chemical potential required to establish the constant

crystal growth rate (G*=0.07 min–1) decreased lin-

early with the increase of φp(EO) up to 60%. The hex-

agonal packed cylinder structure caused by the micro

phase separation of p(EO)114pMA(Az)24 was ob-

served for the blends with φp(EO) up to 60 %. The lat-

tice spacing of (100) and (110) planes of hexagonal

phase increased linearly with the increase of φ
p(EO)

1 3/

up

to 3.91%. From these results, p(EO)114 was miscible

in the p(EO) cylinder of p(EO)114pMA(Az)24 in the

φp(EO) region between 30 and 60%.
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