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The mixing state of amphiphilic di-block copolymers consisted of poly(ethylene oxide) and poly(methacrylate) having azobenzene
moieties in the side chains p(EO);14pMA(Az),4 and poly(ethylene oxide) p(EO), 14 was investigated from the viewpoints of isother-
mal crystallization and nano-scale ordered structure. The chemical potential, which required establishing the constant crystal
growth rate, decreased with the p(EO) content up to 60%. The hexagonal packed cylinder structure was observed for the blends with
the p(EO) content up to 60% and the lattice spacing of (100) and (110) planes increased with the p(EO) content up to 60%. The

blends of amphiphilic p(EO),;4pMA(Az),4 and p(EO),;4 were miscible without in the p(EO) content below 60%.
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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 () and total
degrees of polymerization of AB type copolymer
(N=n+m in A,;B,,) 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),pMA(AZ)y,)
[11-13]. The amphiphilic di-block copolymers
p(EO),pMA(AZ),, 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), pMA(AZ),, with
high degree of polymerization of p(EO), the nano-scale
ordered structure of p(EO),pMA(AZ),, having higher
p(EO) content had not investigated yet. In this study,
the nano-scale ordered structure and the mixing state of
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blends of p(EO);14pMA(AZ),, and homo p(EO);4 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);14
PMA(AZ),4 (Scheme 1) and poly(ethylene oxide)
homopolymer, p(EO),14 were used through this study.
The blends of p(EO);14pMA(Az),4 and p(EO);14 were
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Scheme 1. Molecular structure of p(EO),,pMA(Az), block co-
polymer

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 (BS), 60
(B6), 70 (B7), 80 (B8) and 90 (B9) in mass %. Before
DSC and SAXS measurements, all samples contain-
ing p(EO);14pMA(Az),4 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 ', respectively.
The phase transition temperatures of melting and
crystallization were employed as the on-set tempera-
ture at 10 K min'. The isothermal crystallization was
carried out at predetermined crystallization tempera-
tures (7}) after cooling at 10 K min' from 60°C. After
isothermal crystallization, the melting temperature (7;,)
was obtained by heating at 10 K min™' from 7}, 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 '=q/2n=\/2sin6<60.8 nm.

Results and discussion

Figure 1 shows the DSC curves of p(EO),
p(EO);14,pMA(Az),4 and blend systems on second heat-
ing (Fig. 1a) and second cooling process (Fig. 1b). In
the case of p(EO);1spMA(AZ),4, 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);14. The double melting peaks was observed at
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Fig. 1 DSC curves of homo-polymer p(EO);4, copolymer
P(EO) 14pMA(Az),4 and blend systems (B4, B5, B6,
B7, B8 and B9) on a — second heating and b — second
cooling at + 10 K min"*

56°C for p(EO);14, 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);4. The melting tem-
perature of the former endothermic peak shifted from
37 to 42°C with the increase of Qo) 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. 2 Changes of relative crystallinity X(t) with time at vari-
ous crystallization temperatures for a — p(EO)14,
b —p(EO),14pMA(Az),4 and c — B4

blending with p(EO);14pMA(Az),4. These results indi-
cated that the p(EO) domains of di-block copolymer
mixed with p(EO); 4 in the 0y range up to 70%.

For the cooling process, the exothermic peak due
to crystallization of p(EO); 4 shifted from 48 to 39°C
continuously with the decrease of Qyk0) until 40%.
The crystallization peak of p(EO),;4 accompanying
shoulders at the lower temperature side were ob-
served for p(EO);;4 and the blends having higher
p(EO) content. The crystallization of p(EO);;4 was
disturbed by blending with p(EO);1spMA(AZ).
These results suggested that p(EO);;4 mixed with
di-block copolymer in some extent.

From the exothermic peak observed during the
isothermal crystallization, the relative degree of
crystallinity, X(z) was obtained as follows.

X(t)=flf‘ M

exo

where, AH.,, and AH,; indicate the total exothermic
enthalpy and the partial enthalpy at time ¢, respec-
tively. The X(z) changes at various crystallization
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temperatures for homo-polymer p(EO);;4di-block co-
polymer p(EO);14spMA(Az),4 and the blend B4 are
shown in Fig. 2a, b and c, respectively. The equilib-
rium melting temperature 7., which was obtained by
Hoffman—Weaks plot of 7, and T}, of p(EO),;4 and
p(EO) in p(EO),14pMA(Az),4 were 58.6 and 42.4°C,
respectively. Numbers in parentheses indicate the de-
gree of super-cooling (AT=T,)~T. ). 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); 4, 58.6°C was used as
T? value of blends. From Fig. 2, the time required to
approach at X(z)=0.5 from the start time of exothermic
peak (#ps) was obtained for all samples. The crystal
growth rate (G*) was defined by the reciprocal of ;5.

The relationship between G* and AT for all
samples is shown in Fig. 3. Temperature dependence
of G* is described by the following equation [22].

=G =PE=k Tn 2)
RT  RTAT

Here, Gy, AE, 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 AT, G* decreased with the decrease of Opko).
The AT value where G* approached to a constant
value (G*=0.07 min'") was determined from Fig. 3.

The chemical potential difference (AW) required
to establish a constant crystallization rate from the
molten state is described as follows.

Au=A J(ATIT) A3)

Here, Agsh is the fusion enthalpy of molecule.
The AT/T? values obtained from Fig. 3 at a constant
G* are plotted vs. §yro) in Fig. 4. The AT/T,) values
decreased linearly with increasing ¢,iroy up to 60%
and leveled off above 60%. The linear relationship
between AT/T 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); 4
miscible in p(EO) domain of p(EO);1spMA(AZz),4 in
the Oyro) 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. 3 Relationship between crystal growth rate (G*) and de-
gree of super-cooling (AT) for homo-polymer p(EO) 4,
copolymer p(EO);1spMA(Az),4 and blend systems (B4,
BS, B6, B7, B8 and B9)

shows the SAXS profiles of copolymer
pP(EO)14pMA(Az),4 and blend systems. The SAXS
peaks observed at scattering vector in the relation of

l:\/g :\/Z:ﬁ , which indicated that the nano-scale order
structure was a hexagonal packed cylinder for
p(EO),14pMA(Az),4 and blends in the ¢po) range be-
low 60%. With increasing, ¢,ro) the high-order
SAXS peaks (\/Z and \/7) became smaller, the SAXS
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Fig. 5 SAXS profiles of copolymer p(EO),14pMA(Az),4 and
blend systems (B4, BS, B6, B7, B8 and B9)

profiles of the blends with ¢p0) above 70% has no
high-order peaks corresponding to V4 and v/7. These
results suggested that the hexagonal cylinder struc-
ture was kept for the blends in the ¢,r0) range below
60%, however, the order of hexagonal cylinder struc-
ture decreased with ¢po). The blend B9 showed only
the first SAXS peak. The lattice distance of (100) and
(110) planes are plotted vs. (b]p;o) in Fig. 6. As the

blend content was shown in mass %, the power low of
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Fig. 6 Relationship between ¢P'EO) and space distances of (100) and
(110) plane of hexagonal cylinder structure for homo-poly-
mer p(EO)14, copolymer p(EO);;4pMA(Az),4 and blend
systems (B4, BS, B6, B7, B8 and B9)
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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) 14 increased the cylinder distance effectively,
which was the results of the miscibility of p(EO);14 in
p(EO) cylinder of p(EO);14 pMA(Az)ys. 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);14pMA(Az).4/p(EO); 14 blends
were investigated by DSC and SAXS. The crystalliza-
tion temperature depression of p(EO);;4 by blending
of p(EO);14pMA(Az),4 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") decreased lin-
early with the increase of ¢po) up to 60%. The hex-
agonal packed cylinder structure caused by the micro
phase separation of p(EO);4pMA(Az), was ob-
served for the blends with ¢po) up to 60 %. The lat-
tice spacing of (100) and (110) planes of hexagonal
phase increased linearly with the increase of ¢  up
to 3.91%. From these results, p(EO);14 was miscible
in the p(EO) cylinder of p(EO);;spMA(Az),4 in the
dp(e0) region between 30 and 60%.
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References

—

D. J. Meier, J. Polym. Sci., C, 26 (1969) 81.
E. Helfand, Macromolecules, 8 (1975) 552.
M. W. Matsen and F. S. Bates, J. Chem. Phys.,
106 (1997) 2436.
4 H. Tanaka, H. Hasegawa and T. Hashimoto,
Macromolecules, 24 (1991) 4378
5 L. Zhu, B. H. Calhoun, Q. Ge, R. P. Quirk and S. Z. D.
Cheng, Macromolecules, 34 (2001) 1244.
6 D. A. Hadjuk, Macromolecules, 28 (1995) 2570.
7 Developments in Block copolymers; I. Goodman, Ed., Ap-
plied Science, New York 1982; Vol. 1.
8 F. S. Bates and G. H. Fredrickson, Physics Today,
52 (1999) 32.
9 M. W. Matsen and F. Bates, Macromolecules,
29 (1996) 1091.
10 V. Abetz, 'Supramolecular Polymer', Edit. by A. Ciferri,
Chapter 6, Mercel Dekker Inc. New York 2000.
11 Y. Tian, K. Watanabe, X. Kong, J. Abe and T. Iyoda,
Macromolecules, 35 (2002) 3739.
12 K. Watanabe, Y. Tian, H. Yoshida, S. Asaoka and
T. Iyoda, Trans. Materials Res. Soc. Jpn., 28 (2003) 553.
13 H. Yoshida, K. Watanabe, R. Watanabe and T. Iyoda,
Trans. Materials Res. Soc. Jpn., 28 (2003) 553.
14 B. Ptaszynski, J. Terrisse and A. Skoulious, Macromol.
Chem., 176 (1975) 3438.
15 T. Hashimoto, H. Tanaka and H. Hasegawa,
Macromolecules, 23 (1990) 4378.
16 K. 1. Winey, E. L. Thomas and L. J. Fetters,
Macromolecules, 24 (1991) 6182.
17 A. Noro, M. linuma, J. Suzuki, A. Takano and
Y. Matsushita, Macromolecules, 37 (2004) 3804.
18 H. Sasaki, P. K. Bala and H. Yoshida, Polymer,
25 (1995) 4805.
19 H. Yoshida, G. Z. Zhang, T. Kitamura and T. Kawai,
J. Therm. Anal. Cal., 64 (2001) 577.
20 T. Watanabe, G. Z. Zhang, H. Yoshida and T. Kawai,
J. Therm. Anal. Cal., 72 (2003) 57.
21 G. Z. Zhang, H. Yoshida and T. Kawai, Thermochim.
Acta., 416 (2004) 79.
22 J. D. Hoffman, G. T. Davis and J. 1. Lauritzen, Treaties on
Solid State Chem, Vol. 3, Chap. 7, Plenum Press, New
York 1976.

[V 3N ']

DOI: 10.1007/s10973-005-7082-0

567




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


