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Abstract

Influences of casting solvent on the microphase-separated structures of poly(2-vinylpyridine)-block-polyisoprene films were studied by
transmission electron microscopy and small-angle X-ray scattering. The variations of the structures obtained were consequences of vitrifica-
tion of microdomain structures developed during the solvent casting processes. The various microphase-separated structures were properly
understood by considering the Hansen’s solubility parameters of the solvent and the copolymer, which quantify the polymer–solvent
interactions in the system.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Diblock copolymers composed of two segregating blocks
are well known to phase-separate into microdomain struc-
tures, such as spherical, cylindrical, and lamellar microdo-
mains, and also into various bicontinuous structures, in bulk
[1–5] and in concentrated solutions [1,6–10]. Since 1960s,
both static and dynamic phenomena of the microphase
separations have been under comprehensive experimental
and theoretical investigations mainly due to those interest-
ing structures. On account of these studies, equilibrium
structures can now be predicted to certain extent in terms
of various field theories [11–19]. However, an actual
diblock copolymer film prepared from solution by solvent
casting method often present nonequilibrium natures
[20,21]. The bulk microphase-separated structures of the
as-cast films depend upon the solvents used in the casting
processes. The structures are often found to be considerably
different from those predicted by the equilibrium theory.

In spite of the importance of the structural formation in
the diblock copolymer films in both scientific and techno-
logical applications, less attention has been paid to the effect
of the casting process on the morphologies. Only several
systematic studies have been reported [10,20,22–26]. One
of the pioneering works was performed by Inoue et al.

[23,24], in which they have shown that the structures of
diblock copolymer films composed of polystyrene (PS)
and polyisoprene (PI) vary from spherical to lamellar micro-
structures depending on the solvent used in the casting
processes. Later, Cohen and Bates have also reported the
influence of the casting processes on the morphologies of
the block copolymer films composed of PI and poly(n-butyl
methacrylate) [25]. They have shown that a rate of solvent
evaporation as well as the nature of a solvent influenced the
microphase-separated structures. These results indicate that
the bulk structures of diblock copolymer films obtained after
complete solvent evaporation are strongly influenced by the
microphase-separated structures developed in the solutions.
During the casting process, concentration of the polymer,
fp, gradually increases, and at a critical concentration
(about 10%) the system starts phase-separating into micro-
domains [8,9,27]. Once the microphase separation has been
developed, nature of the solvent influences the degree of the
swelling of the polymer chains in each domain and hence an
effective volume fraction of each domain. A neutral solvent
should be equally distributed into the both microdomains,
resulting in swelling both of the blocks to the same extent.
On the other hand, even a slight degree of the solvent selec-
tivity can lead to a preferential swelling of one of the
domains, as reported by Lodge et al. [28].

In the present report we will discuss the influence of the
solvents used in the casting processes on the internal
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structures of the solvent-cast films based on the information
obtained by a small angle X-ray scattering (SAXS) method
and transmission electron microscopy (TEM). In the
previous studies [23–27], the classical solubility parameters
which only take the London dispersion force into considera-
tion (Hildebrand solubility parameter) were used. However,
solvents normally have permanent dipole, and thus it is
essential to consider polymer–solvent interaction not only
from the dispersion force but also from dipole–dipole inter-
action. Besides, hydrogen bond may sometimes play a
significant role in formation of microphase-separated struc-
tures. All these interactions have to be considered in order to
clearly discuss the solvent selectivity against the polymer
chains. In the current work, we introduced the Hansen’s
solubility parameters that incorporate the dipole–dipole
and the hydrogen bonding interactions (see Section 3.3 for
details), which successfully explains the solvent selectivity
and thus formation of the microphase-separated structures.

The block copolymers employed in the experiments are
composed of PI and poly(2-vinylpyridine) (P2VP). The
segregation between PI and P2VP is considerably large
compared with that between PI and PS, which are the stan-
dard components of the block copolymers widely used for
many block copolymer related investigations. This feature
may allow us to investigate the influence of a solvent quality
on the microphase-separated structure in the as-cast films by
applying variety of solvents possessing a wide range of
solubility parameters.

2. Experimental

2.1. Diblock copolymer synthesis

Poly(2-vinylpyridine)-block-polyisoprene diblock co-
polymers (P2VP-b-PI) having different compositions were
synthesized by the sequential living anionic polymerization
[29]. First, isoprene was polymerized by usingsec-butyl-
lithium (Aldrich, cyclohexane solution) as an initiator in
dried THF at 08C under nitrogen atmosphere. For the char-
acterization of the molecular weight of the polyisoprene
block, an aliquot part of the polymerization solution was
taken out by a syringe and analyzed by gel permeation
chromatography (GPC) using Tosoh HLC8020 with TSK

gel columns (G2500HXL 1 G4000HXL 1 G6000HXL). The
calibration curve of standard polyisoprene (Polymer Stan-
dards Services) was used to determine the molecular weight
and its distribution. Next, 2-vinylpyridine, dried over
calcium hydride and distilled under reduced pressure just
before the polymerization, was added to the residual THF
solutions at 08C by a syringe for the living anionic polymer-
ization of poly(2-vinylpyridine) block chains. The living
anions of the polyisoprene and the block copolymers were
quenched with dried methanol. The polymers were collected
by the precipitation into a large excess of methanol, and
purified by reprecipitation and freeze-drying.

The diblock copolymers thus obtained were characterized
by the GPC.N,N,N0,N0-tetramethylethylenediamine was
added to the eluent (chloroform) by 5% in volume to
avoid the adsorption of P2VP on polystyrene gels. The cali-
bration curve of standard polystyrene (Tosoh) was used to
determine the apparent molecular weight and its distribu-
tion. The molecular compositions of the block copolymers
were determined by proton nuclear magnetic resonance
spectroscopy (1HNMR, JEOL EX400). The volume frac-
tions of the P2VP block,fP2VP, were calculated by using
the densities 0.913 [30] and 1.14 [31] for PI and P2VP,
respectively. All estimated values are shown in Table 1.

2.2. Preparation of film specimens

Film specimens were prepared by solvent casting method
as follows: The well-dried diblock copolymer was dissolved
into 5 wt.% solution using dry solvent and put into a Teflon
petri dish (33 mm in diameter). Then the petri dish was
placed into a moisture-free environment at 288C. Evapora-
tion of the solvent was proceeded gradually and it took
about 4 days for the complete evaporation. The polymer
film thus obtained was about 0.5 mm in thickness. We
have employed seven different solvents for casting, which
have different solvent quality against PI and P2VP blocks:
n-butylchloride (n-BtCl), tetrachloromethane (CCl4),
toluene, benzene, tetrahydrofuran (THF), dichloromethane
(CH2Cl2) and 1,4-dioxane. Special attention was paid to
isolate each of the petri dishes containing different solvents
to avoid mixing the evaporated solvent gases during the
casting processes. The films thus obtained were then dried
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Table 1
Properties of the diblock copolymers used and their equilibrium microphase-separated structures

Sample fP2VP
a Molecular weight Expected

Mn × 103 Mw/Mn equilibrium
morphology

P2VPb block PI block Total

P2VP-b-PI(26/74) 0.26 8.1 18.8 26.9 1.16 Hexagonal cylinder
P2VP-b-PI(12/88) 0.12 3.4 21.0 24.5 1.24 bcc sphere

a Volume fractions of the block copolymers were calculated adapting the densities of PI and P2VP to be 0.913 and 1.14 glcm3, respectively.
b The glass transition temperature of P2VP is ca. 1048C [50].



under vacuum for 24 h and annealed at 1408C for 12 h
before structural analysis.

We have also carried out the structural analysis of the
solutions at variousfp. The samples used for this series
of the experiments were prepared by dissolving the diblock
copolymer in 1,4-dioxane. The solutions were kept for 12 h
at 508C in sealed bottles before use.fp of the solutions were
determined by measuring their weights after the SAXS
analysis and the total polymer weights after evaporating
the solvent.

2.3. TEM observation

For TEM observation, an unstained small pieces of the
film sample was embedded in epoxy resin, which was
hardened at 608C for about an hour. After trimming the
specimen, it was microtomed to the ultrathin sections of
about 50 nm thickness using a Reichert Ultracut S with a
cryochamber FCS operated at21108C. The sections were
exposed to osmium tetraoxide (OsO4) vapor for about half-
an-hour to selectively stain PI domain. The microphase-
separated structures in the sections thus obtained

were observed by TEM (JEOL, JEM-2000FXZ) operated
at 200 kV.

2.4. SAXS measurement

SAXS measurements were conducted with an apparatus
consisting of an 18 kW rotating-anode X-ray generator
(M18XHF-SRA, MAC Science Co. Ltd., Yokohama,
Japan) with a graphite crystal monochromator, a three-slit
collimator, a vacuum path for incident and scattered
beams, and a one-dimensional position sensitive propor-
tional counter (PSPC). The sample-to-detector distance
was about 1.8 m. A CuKa line beam monochromatized
with a graphite crystal with a wavelength of 0.1542 nm
was used. Measurements were carried out under the condi-
tions of the incident X-ray beam being parallel to the surface
of the stacked film sample and direction of the detector
being perpendicular to the film surface (edge view) at
room temperature. Typical measurement time for one
sample was 2 h. The SAXS profiles were corrected for the
absorption of the sample, background scattering, smearing
due to the slit-height and slit-width (desmearing), and the
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Fig. 1. Transmission electron micrographs of thin sections of the P2VP-b-PI(26/74) diblock copolymer films prepared by solvent casting from (a)n-BtCl, (b)
CCl4, (c) toluene, (d) benzene (e) THF, (f) CH2Cl2 and (g) 1,4-dioxane solutions. The as-cast sample films were annealed at 1408C for 12 h before the
observations. The sample films were stained with OsO4. Thus the dark and bright regions seen in the micrographs are PI and P2VP phases, respectively.



thermal diffuse scattering arising from the density fluctua-
tions.

3. Results and discussion

3.1. Structural analysis

It is well known that the composition of the A–B diblock
copolymer,f (e.g. the volume fraction of block A) controls
the equilibrium morphology of the microphase-separated
structure in a strong segregation limit [16,24,32–37]. For

a nearly symmetric case, i.e. 0.33, f , 0.67, lamella
structure appears. If the composition of the block copolymer
is asymmetric, the spherical structure appears for the A–B
block copolymer withf , 0.17 (or f . 0.76), and the
cylindrical structure occurs over the range of 0.17, f ,
0.33 (or 0.67, f , 0.76). Besides these classical structures,
some studies reported that bicontinuous structures may
appear within a very narrow range off, i.e. 0.32, f , 0.35
(or 0.61, f , 0.64) [19,35–40]. According to these condi-
tions, equilibrium structures of the P2VP-b-PI block copoly-
mers used in the present study should exhibit either spherical
(P2VP-b-PI (12/88)) or cylindrical (P2VP-b-PI (26/74))
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Fig. 2. SAXS profiles of P2VP-b-PI(26/74) diblock copolymers prepared by casting from (a)n-BtCl, (b) CCl4, (c) toluene, (d) benzene (e) THF, (f) CH2Cl2 and
(g) 1,4-dioxane solutions. The as-cast films were annealed at 1408C for 12 h before the measurements. The solid lines plotted under the profiles (a) and (b) are
theoretically calculated from form for spheres. Radii (r) of the spheres and their standard deviations (s r) used for the fits are (a)r � 13.9 nm,s r � 1.3 nm and
(b) r � 17.8 nm,s r � 1.9 nm. The solid lines plotted under the profile (c) is a form factor for a cylinder calculated usingr � 16.2 nm,s r � 1.5 nm. All profiles
were corrected for the smearing due to the slit-height and slit-width. In calculating form factors, interfacial thickness was assumed to be infinitely thin.



structures (see Table 1). Note that the numbers in the parenth-
eses denote volume percents of the constituents of the block
copolymers.

Although the equilibrium morphology can be predicted
by the field theories [11–19], the actual structures of the
sample films are usually influenced by the way they were
prepared. Microphase-separated structures of P2VP-b-PI
(26/74) diblock copolymer films obtained by solvent-cast-
ing method from (a)n-BtCl, (b) CCl4, (c) toluene, (d)
benzene (e) THF, (f) CH2Cl2 and (g) 1,4-dioxane solutions
were examined by TEM (Fig. 1) and SAXS (Fig. 2). In Fig.
2, SAXS intensity is plotted against a magnitude of scatter-
ing vector,q, which is defined byq ; uqu � �4p=l�sinu=2:
Herel and u are wavelength of X-ray and the scattering
angle, respectively. The microphase-separated structures

and their domain sizes determined as described in the
following paragraphs are summarized in Table 2. Note
that the solvents are listed in the order of increasing solubi-
lity parameter in Table 2, which will be discussed in Section
3.3.

As seen in Fig. 1(a) and (b), the P2VP-b-PI (26/74) films
cast fromn-BtCl and CCl4 solutions exhibited disorderly
distributed spherical microdomains composed of P2VP
blocks in the matrix formed by PI blocks: the bright
unstained P2VP spheres exist in the dark PI matrix stained
with OsO4. The corresponding scattering profiles are
presented in Fig. 2(a) and (b). We found a single peak
marked with a thin arrow labeled “1” due to interparticle
interference of the spherical microdomains and three broad
peaks marked with thick arrows labeled “1” to “3” which
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Fig. 3. SAXS profiles for 1,4-dioxane solutions of P2VP-b-PI(26/74) diblock copolymer, at (b)fp � 57 wt.%, (c) 43 wt.%, (d) 27 wt.%, and (e) 10 wt.%.
Profile (a) is the SAXS profile for the bulk P2VP-b-PI(26/74) film after annealing the as-cast film at 1408C for 12 h. All profiles were corrected for the smearing
due to the slit-height and slit-width.



are typical for the scattering due to isolated single spherical
microdomains (form factor). We have performed theoretical
calculations of the form factors whose results are plotted
below each profile. The agreements between the theoretical
calculations and the actual measurements are found to be
satisfactory at largeq values, which further confirm that the
microphase-separated structures are spherical.

Microphase-separated structure of the P2VP-b-PI (26/74)
film obtained form the toluene solution was determined to
be cylindrical. In the transmission electron micrograph (Fig.
1(c)), circular cross-sections of bright cylinders composed
of P2VP can be found in dark PI matrix. In the correspond-
ing scattering profile (Fig. 2(c)), a typical scattering profile
for hexagonally arranged cylinders was found, i.e. the
second- and the third-order peaks of the form factor of
isolated cylindrical microdomains marked with thick arrows
labeled with “2” and “3”, and several interference Bragg
peaks were observed. The form factor of a cylindrical
microdomain is also plotted below the profile, which
showed a satisfactory agreement with the profile determined
by the actual measurement. The relative positions of the
first- and the higher-order Bragg peaks marked with thin
arrows were

��
4
p

;
��
7
p

;
���
12
p

;
���
13
p

which correspond to the
Bragg diffraction of (1 0), (2 0), (2 1), (2 2) and (3 1) planes
of the hexagonal lattice, respectively. We note that the
Bragg peak at relative position of

��
7
p

is typical for a hexa-
gonal arrangement. It does not appear in scattering profiles
of alternating lamellae or spheres arranged in cubic lattices.
Thus, existence of the

��
7
p

Bragg peak can be regarded to
evidence of the existence of hexagonally arranged cylinders.

Finally, coexistence of cylindrical and lamellar microdo-
mains were observed in the P2VP-b-PI (26/74) films cast
from benzene, THF, CH2Cl2 and 1,4-dioxane solutions. In
the transmission electron micrographs (Fig. 1(d)–(g)), the
coexistence of the regions with stripe-like lamellar micro-
domains and circular cross-sections of cylindrical microdo-
main can be clearly observed. The SAXS profiles of these
films showed the Bragg interference peak at

��
7
p

relative to
the first-order peak position which is unique for hexagonally

arranged cylinders. In addition to these peaks, the scattering
peaks at the relative position at 1, 2, 3, 4, 5 and 6 were
found, which are typical of lamellar microdomains1. Thus
the observed SAXS profile can be concluded to be obtained
from coexistence of lamellar and cylindrical microdomains
whose inter-lamella spacing and (1 0) plane distances are
identical.

The morphology of P2VP-b-PI (12/88) block copolymer
films determined by SAXS and TEM (micrographs and scat-
tering profiles are not presented) are also listed in Table 2.
For this diblock copolymer, the films obtained from CCl4

and toluene solutions showed spherical microdomain struc-
tures, and those cast from THF, CH2Cl2 and Dioxane solu-
tions resulted in the cylindrical microdomain structures.

3.2. Evolution of microphase-separated structure in casting
process

As shown in Figs. 1 and 2, various microphase-separated
structures, such as spherical and cylindrical microdomains
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Table 2
Microphase-separated structures of the cast films determined by SAXS and TEM analyses

Solvent P2VP-b-PI(26/74) P2VP-b-PI(12/88)

Morphologya Spacingb (nm) Radiusc (nm) Morphologya Spacingb (nm) Radiusc (nm)

n-BtCl Sphere 34.9 13.9 – – –
CCl4 Sphere 40.7 17.8 Sphere 24.5 8.8
Toluene Cylinder 47.3 16.2 Sphere 24.9 8.6
Benzene Cylinder and lamella 48.5 – – –
THF Cylinder and lamella 48.8 – Cylinder 35.1 7.8
CH2Cl2 Cylinder and lamella 49.0 – Cylinder 35.2 7.8
1,4-Dioxane Cylinder and lamella 48.9 – Cylinder 35.1 7.8

a Determined by SAXS and TEM analyses. The sphere and cylinder cores are composed of P2VP block chains.
b Average spacingd of the microphase-separated structures was determined from the position of the first-order Bragg diffraction peakqm in the SAXS profile

by usingd � 2p /qm. Thus the spacing for spherical microdomains in distorted lattice corresponds to the inter-sphere distance, the spacing for hexagonally
arranged cylindrical microdomains correspond to the (1 0) plane distance, and the spacing for lamella microdomains correspond to the inter-lamelladistance.

c Average radius of spherical microdomain was determined by fitting a theoretically calculated form factor to the measured SAXS profile.

1 The first- and higher-order Bragg diffraction peaks of hexagonally
arranged cylinders appear at the relative positions of
1;

��
3
p

;
��
4
p

;
��
7
p

;
��
9
p

;
����
12
p

;
����
13
p

;
����
16
p

;
����
19
p

;
����
21
p

;
����
25
p

etc. They correspond to
the diffraction from (1 0), (1 1), (2 0), (2 1), (3 0), (2 2), (3 1), (4 0),
(3 2), (4 1), (5 0) planes, etc., respectively. When the inter-lamellar spacing
and the (1 0) plane distance of cylindrical microdomains which are coex-
isting are identical, 1;

��
4
p

;
��
9
p

;
����
16
p

;
����
25
p

diffraction peaks of the cylindrical
microdomains appear at the same positions of the diffraction peaks of the
lamellar microdomains. Thus as far as relative peak positions are
concerned, differences in the Bragg diffraction profiles of the lamellar
and the cylindrical microdomains only appear at

��
3
p

;
��
7
p

;
����
12
p

;
����
13
p

;
����
19
p

and
����
21
p

peaks. The relative peak heights of these depend on volume frac-
tion of the cylindrical domains. The

��
3
p

peak of the cylinders is sometimes
suppressed, depending on the volume fraction of the cylindrical microdo-
mains, which is due to the fact that the form factor of the cylinders becomes
a minimum at

��
3
p

peak of the lattice factor [41]. The
����
12
p

and
����
13
p

peaks are
easily overlapped and smeared. Moreover, they disappear if the volume
fraction of the cylinder is about 0.27. The

����
19
p

and
����
21
p

peaks may not
be observed if the volume fraction of the cylindrical microdomains is small.
These cause only the peak at

��
7
p

distinguishable as observed in Fig. 2(d)–
(g).



as well as the lamella–cylinder coexisting structure, were
observed even though the as-cast films were annealed at
1408C for 12 h before the TEM and SAXS observation.
Likewise, spherical and cylindrical structures were
observed for the films of P2VP-b-PI (12/88). The variation
of the structures observed in the film samples may be due to
differences in the interaction between the solvent and the
two block chains, P2VP and PI. Especially important is the
solvent selectivity to one of the two blocks, which affects
the effective volumes of each microdomain phase swollen
by the solvent. Moreover, the effective volumes change as
the solvent evaporates, which may generally induce
morphological change during the solvent evaporation.

Thus, to investigate the structural evolution in the
process, we have performed the SAXS analyses of the
P2VP-b-PI solutions equilibrium at variousfp. In Fig. 3,
1,4-dioxane solutions of the P2VP-b-PI (26/74) atfps of (a)
100 wt.% (bulk) after annealing, (b) 57 wt.%, (c) 43 wt.%,
(d) 27 wt.% and (e) 10 wt.% are presented. At 10 wt.%, the
SAXS profile only exhibited a broad single peak that is due
to the correlation hole effect of the disordered block copoly-
mer solution [14,42]. At thisfp, the solution was in the one
phase state. Atfp � 27 wt.%, a distinct sharp interference
peak was observed (see Fig. 3(d)), which suggests the exis-
tence of the ordered microdomains in the solution. Asfp

further increased from 27 to 57 wt.%, a number of the
higher-order interference peaks appeared. The relative posi-
tions of these peaks with respect to that of the first-order
peak were found to be 1, 2, 3, 4, 5 and 6, typical for a
lamellar microdomain structure. In this concentration
range, no trace of the cylindrical microdomain was found.
Finally, after annealing the solvent-cast film, the scattering
(Fig. 3(a)) showed the coexistence of lamellar and cylind-
rical microdomains as was discussed previously. We note
that the position of the first peak shifted to a lowerq asfp

increased, i.e. the domain spacing increased with increasing
the polymer concentration. This tendency can be understood
in terms of an increase in the segregation between PI and
P2VP blocks with increasingfp [9,27,43].

As shown in Fig. 3, the microphase-separated structure
was already formed in the solution. This structure remained
as a non-equilibrium structure in the bulk film obtained after
complete solvent evaporation. It is thus very likely that the
partition of the solvent in the microdomains developed in
the solution plays a significant role, because it changes the
“effective” volume ratio of the microdomains. This partition
of the solvent makes the microphase-separated structure to
be modified from the equilibrium structure in bulk which
can be expected from the intrinsic composition of P2VP-b-
PI.

P2VP-b-PI (26/74) in dioxane showed lamella structure at
polymer concentration up tofp � 57 wt.%, presumably
because a larger amount of dioxane was partitioned more
into the P2VP microdomain (see Fig. 3 and Section 3.3 for
details) than into the PI microdomain: The effective volume
of the P2VP domains in the solution were larger thanfP2VPin

bulk. Annealing of the specimen at 1408C for 12 h showed
that the cylindrical microdomain appeared but the phase-
separated structure did not completely transform from
lamella to cylinder (see Fig. 3(a)). The scattering profile
did not significantly change after much extensive annealing
at 1808C for 72 h. Polystyrene-block-polyisoprene (PS-b-PI)
would attain equilibrium structures after such prolonged
annealing [31]. This difference in the annealing effect on
the morphological change may be interpreted as follows: the
segregation power defined by a product of the Flory’s
segmental interaction parameter,x , and the total degree of
polymerization of the block copolymer,N, is larger for
P2VP-b-PI than for PS-b-PI by an order of magnitude.2

Therefore, reorganization of morphology which involves
mutual diffusion of the P2VP-b-PI block copolymer mole-
cules, especially across the (lamella) interface, is signifi-
cantly slower than the PS-b-PI copolymers: The annealing
treatment sufficient for equilibrating the PS-b-PI block
copolymer is not enough for P2VP-b-PI. Consequently,
the nonequilibrium microphase-separated structures devel-
oped from various solvents were maintained in the as-cast
and even annealed films, demonstrating that the phase-sepa-
rated structures in solution are important to understand the
formation of the structures shown in Table 2.

3.3. Solvent–polymer interaction

Affinity of solvents to polymers can be estimated by
introducing the “solubility parameter”,d , which is defined
as the square root of the cohesive energy density and
describes the strength of attractive force between molecules
[44]. In the classical lattice model [45],x parameter
between a polymer and a solvent can be written in terms
of d ;

x � Vsolvent

RT
dsolvent2 dpolymer

� �2
; �1�

whereVsolvent andR are, respectively, molar volume of the
solvent and the gas constant.d solventanddpolymerare the solu-
bility parameters of the solvent and the segmental unit of
polymer (approximated by 2-vinylpyridine unit or isoprene
unit in the present case). Thed mentioned above describes
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2 To the best of our knowledge, there is no report on thex parameter for
P2VP-b-PI. Thus we offer the following estimation. Thex parameter can be
roughly estimated by using the relationd , x1=3N2=3 (for lamella), whered
is the domain spacing defined byd� 2p /qm (qm is the wave number where
the first-order peak was observed) andN is the degree of polymerization
[27]. For P2VP-b-PI,d was evaluated to bedP2VP–PI� 47 nm from the
SAXS results for P2VP-b-PI (26/74) obtained from toluene solution as
shown in Table 2. Although cylinder was obtained from the toluene solution
and thus the above relation does not strictly hold, in the present study,d was
not significantly different between lamellar and cylindrical morphology.
The d value for the film obtained from a toluene solution was adapted.
For the PS-b-PI,d was evaluated to bedPS–PI < 50 nm forNPS–PI < 1200
([43], calculated assumingMn� 105 (N� 1200),f� 0.5,d� 50 nm and the
values are taken from Ref. [10]). Thus, the ratio ofx for P2VP-b-PS,
xP2VP–PI, and that for PS-b-PI, xPS–PI, is estimated to be
xP2VP–PI=xPS–PI� �d3

P2VP–PI=N
2
P2VP–PI�=�d3

PS–PI=N
2
PS–PI� , 8.



the enthalpy change upon mixing of nonpolar molecules
known as Hildebrand solubility parameter [44]. However,
as shown in Table 2, some of the solvents used in the present
study have permanent dipole (polar solvent). Thus, a modi-
fication ford is required. Hansen [46–48] and Hansen and
Skaarup [49] took the following three terms into considera-
tion: dispersive (dd), permanent dipole–dipole interaction
(dp) and hydrogen bonding forces (dh),

d2
H � d2

d 1 d2
p 1 d2

h: �2�
Thedd is related to the London dispersion force. Hansen’s
solubility parameters,dH, for solvents together with
dH,polymer for PI and P2VP are listed in Table 3. Each of
the terms contributing to the Hansen’s solubility parameter
is also listed in the table. Note that the solubility parameter
of P2VP listed in the table is assumed to be equal to that of
pyridine, which is used in the following discussion.

The partition of the solvent to the P2VP and PI micro-
domains is determined by the balance between (dH,P2VP 2
dH,solvent)

2 and (dH,PI 2 dH,solvent)
2, wheredH,P2VPanddH,PI are

the Hansen’s solubility parameters for P2VP and PI, respec-
tively. If these two quantities are balanced, i.e.

�dH;P2VP2 dH;solvent�2 � �dH;PI 2 dH;solvent�2 or

dH;solvent� 1=2�dH;P2VP 1 dH;PI� ; dH;neu; �3�
the solvent equally goes to each microdomain (“uniform
partition of the solvent”). In this particular case, the solvent
acts as a neutral (nonselective) solvent for P2VP-b-PI so that
the block copolymer in the solution will attain the equili-
brium morphology equal to that for the block copolymer
melt, i.e. sphere for P2VP-b-PI (12/88) and cylinder for
P2VP-b-PI (26/74).

The morphologies developed in the solvent-cast films will
not be equilibrium ones in the bulk, ifdH;solvent is larger than
dH,neu. As the relation (dH,P2VP2dH,solvent)

2 , (dH,PI2dH,solvent)
2

is valid in such cases, the solvents tend to go more to P2VP
microdomain rather than PI microdomain.Thisselective parti-
tion of the solvent makes the effective volume ratio of P2VP
microdomain to PI microdomain larger than the volume ratio
to constituent blocks intrinsic to composition of P2VP,fP2VP.
This unequal partition of the solvents modifies the curvature of
the interface of the microphase-separated structures in order to
attain uniform density distribution of polymer chains over the
space, which causes the structures to deviate from the equili-
brium in the bulk. In contrast, ifdH,solvent , dH,neu and thus
(dH,P2VP 2 dH,solvent)

2 . (dH,PI 2 dH,solvent)
2, the solvent tends

to go more into PI microdomain rather than P2VP microdo-
main. Hence, for P2VP-b-PI (26/74), the resulting morphol-
ogy changed from cylinder to sphere upon changing the
solvent quality fromdH,solvent . dH,neu to dH,solvent , dH,neu.
We note that the structural change did not occur in
P2VP-b-PI (12/88) even in the case ofdH,solvent , dH,neu,
because the sphere, which is the structure observed in the
most asymmetric composition, was already attained for the
neutral solvent for this copolymer.

Although the P2VP-b-PI (26/74) films cast from toluene
solutions showed approximately their equilibrium morphol-
ogies, i.e. cylinder, the volume fraction of the cylindrical
microdomain turned out to be 0.3t 0.313. Since the volume
fraction of the P2VP in this block copolymer is 0.26, the
cylinder obtained from toluene was not really an equili-
brium structure but somewhat swollen. Namely, toluene
was partitioned slightly more to the P2VP microdomain
than to the PI microdomain in the solution state. Moreover,
Benzene, which has a slightly larger value of the Hansen’s
d , dH,solvent, than toluene, gave the coexisting morphology of
lamella and cylinder for the solution cast films of P2VP-b-PI
(26/74). These facts can be interpreted as a consequence of
the solvent being better for P2VP than for PI, and hence the
P2VP microdomain was swollen more than the PI micro-
domain. On the other hand, the P2VP-b-PI (26/74) films cast
from CCl4 solution exhibited the spherical microdomain
structure, which means that CCl4 was better for PI than
for P2VP. Therefore, a borderline in terms ofdH between
the equilibrium and the nonequilibrium morphologies for
the P2VP-b-PI (26/74) solution-cast films was somewhere
between toluene and CCl4. This border line is consistent
with the P2VP-b-PI (12/88), although the morphological
change was not observed untildH reaches the value of
THF. It is rather hard to estimate the neutral solvent from
the experimental results obtained from P2VP-b-PI (12/88).

As listed in Table 3,dH,P2VP anddH,PI values are, respec-
tively, 21.7 and 16.6 MPa1/2. According to Eq. (3), there-
fore, the solubility parameter of the neutral solvent,dH,neu, is
estimated to be 19.1 MPa1/2. In contrast, the discussion
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Table 3
Solubility parameters of the solvents and polymers used for the experiments

d solvent (MPa1/2)a dH,polymer (Mpa1/2)

dH
b dd

b dp
b dh

b

n-BtCl 17.4 16.4 5.5 2.0 –
CCl4 17.8 17.8 0.0 0.6 –
Toluene 18.2 18.0 1.4 2.0 –
Benzene 19.4 16.8 5.7 8.0 –
THF 20.3 18.2 6.3 6.1 –
Dioxane 20.5 19.0 1.8 7.4 –
PI – – – – 16.6c

PS – – – – 18.6c

P2VP – – – – 21.7d

a Taken from Ref. [48].
b dd, dp, anddh are dispersive, polar, and hydrogen bonding terms of the

Hansen solubility parameter, respectively.
c Taken from Ref. [49].
d Assumed to be equal todH for pyridine taken from Ref. [48].

3 Scattering profile from cylindrical structure cast from toluene (profile
(c) in Fig. 2) exhibited multiple interference scattering peaks, among which
the

��
3
p

peak was not observed. This feature is realized if the volume fraction
of the cylinder is in the range of 0.3 to 0.31 based on the calculation
presented in Ref. [41].



presented above suggests that thedH,neu lies somewhere
between toluene (dH � 18.2 MPa1/2) and CCl4 (dH �
17.8 MPa1/2): dH,neu t 18 MPa1/2. Considering that (1) we
discuss only the enthalpic contribution of the solvent parti-
tioning but neglect the entropic contribution due to the
uneven partitioning of the solvent and (2) we assumeddH

of pyridine is equal to that of P2VP, the experimentally
estimateddH,neu, i.e. 18 MPa1/2, is in good agreement with
the predicted one, i.e. 19 MPa1/2.

4. Conclusion

Microphase-separated structures of two P2VP-b-PI
copolymers prepared by solvent-casting method using
various solvents having a wide range of polarity and degree
of hydrogen bonding were studied by transmission electron
microscopy (TEM) and small-angle X-ray scattering
(SAXS). Two P2VP-b-PI copolymers with different P2VP
composition,fP2VP, were examined. Though spherical struc-
ture of P2VP is naturally expected for the P2VP-b-PI having
fP2VP � 0.12 copolymer, cylindrical structure was also
observed in some cases. Similarly, besides the cylindrical
structure of P2VP, which is expected for P2VP-b-PI having
fP2VP � 0.26, spherical structure and lamella structure as
well as coexisting structure of lamella and cylinder were
observed. The various structures reported here are conse-
quences of vitrification of the structures developed during
the solvent-casting processes, in which copolymer chains
had different radii of gyrations due to polymer–solvent
interactions, depending on the solvent used. The formations
of the microphase-separated structures were due to the
selective partition of the solvent into microphase-separated
domains; This was reasonably described by using the
Hansen’s solubility parameter between the copolymer and
the solvent, which incorporates dipole–dipole interaction
and hydrogen bonding force in addition to the London
dispersion force that is considered in the classical
(Hildebrand) solubility parameter.
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