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Abstract

Influences of casting solvent on the microphase-separated structures of poly(2-vinylpybidiciepolyisoprene 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 systen® 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction [23,24], in which they have shown that the structures of
diblock copolymer films composed of polystyrene (PS)
Diblock copolymers composed of two segregating blocks and polyisoprene (PI) vary from spherical to lamellar micro-
are well known to phase-separate into microdomain struc- structures depending on the solvent used in the casting
tures, such as spherical, cylindrical, and lamellar microdo- processes. Later, Cohen and Bates have also reported the
mains, and also into various bicontinuous structures, in bulk influence of the casting processes on the morphologies of
[1-5] and in concentrated solutions [1,6—10]. Since 1960s, the block copolymer films composed of Pl and pahautyl
both static and dynamic phenomena of the microphase methacrylate) [25]. They have shown that a rate of solvent
separations have been under comprehensive experimentatvaporation as well as the nature of a solvent influenced the
and theoretical investigations mainly due to those interest- microphase-separated structures. These results indicate that
ing structures. On account of these studies, equilibrium the bulk structures of diblock copolymer films obtained after
structures can now be predicted to certain extent in termscomplete solvent evaporation are strongly influenced by the
of various field theories [11-19]. However, an actual microphase-separated structures developed in the solutions.
diblock copolymer film prepared from solution by solvent During the casting process, concentration of the polymer,
casting method often present nonequilibrium natures ¢, gradually increases, and at a critical concentration
[20,21]. The bulk microphase-separated structures of the (about 10%) the system starts phase-separating into micro-
as-cast films depend upon the solvents used in the castingdomains [8,9,27]. Once the microphase separation has been
processes. The structures are often found to be considerablyeveloped, nature of the solvent influences the degree of the
different from those predicted by the equilibrium theory.  swelling of the polymer chains in each domain and hence an
In spite of the importance of the structural formation in effective volume fraction of each domain. A neutral solvent
the diblock copolymer films in both scientific and techno- should be equally distributed into the both microdomains,
logical applications, less attention has been paid to the effectresulting in swelling both of the blocks to the same extent.
of the casting process on the morphologies. Only several On the other hand, even a slight degree of the solvent selec-
systematic studies have been reported [10,20,22—-26]. Ondivity can lead to a preferential swelling of one of the
of the pioneering works was performed by Inoue et al. domains, as reported by Lodge et al. [28].
In the present report we will discuss the influence of the
* Corresponding author. solvents used in the casting processes on the internal
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Table 1
Properties of the diblock copolymers used and their equilibrium microphase-separated structures
Sample fooves Molecular weight Expected
M, x 10° My/M;, equilibrium
morphology
P2VP block PI block Total
P2VP-b-PI1(26/74) 0.26 8.1 18.8 26.9 1.16 Hexagonal cylinder
P2VP-b-PI1(12/88) 0.12 3.4 21.0 24.5 1.24 bcc sphere

@ \olume fractions of the block copolymers were calculated adapting the densities of PI and P2VP to be 0.913 and 3. idsglectively.
® The glass transition temperature of P2VP is ca.°C050].

structures of the solvent-cast films based on the information gel columns (G2500k + G4000H, + G6000H, ). The
obtained by a small angle X-ray scattering (SAXS) method calibration curve of standard polyisoprene (Polymer Stan-
and transmission electron microscopy (TEM). In the dards Services) was used to determine the molecular weight
previous studies [23—27], the classical solubility parameters and its distribution. Next, 2-vinylpyridine, dried over
which only take the London dispersion force into considera- calcium hydride and distilled under reduced pressure just
tion (Hildebrand solubility parameter) were used. However, before the polymerization, was added to the residual THF
solvents normally have permanent dipole, and thus it is solutions at 8C by a syringe for the living anionic polymer-
essential to consider polymer—solvent interaction not only ization of poly(2-vinylpyridine) block chains. The living
from the dispersion force but also from dipole—dipole inter- anions of the polyisoprene and the block copolymers were
action. Besides, hydrogen bond may sometimes play aquenched with dried methanol. The polymers were collected
significant role in formation of microphase-separated struc- by the precipitation into a large excess of methanol, and
tures. All these interactions have to be considered in order topurified by reprecipitation and freeze-drying.
clearly discuss the solvent selectivity against the polymer The diblock copolymers thus obtained were characterized
chains. In the current work, we introduced the Hansen’s by the GPC.N,N,N’',N’-tetramethylethylenediamine was
solubility parameters that incorporate the dipole—dipole added to the eluent (chloroform) by 5% in volume to
and the hydrogen bonding interactions (see Section 3.3 foravoid the adsorption of P2VP on polystyrene gels. The cali-
details), which successfully explains the solvent selectivity bration curve of standard polystyrene (Tosoh) was used to
and thus formation of the microphase-separated structures.determine the apparent molecular weight and its distribu-
The block copolymers employed in the experiments are tion. The molecular compositions of the block copolymers
composed of Pl and poly(2-vinylpyridine) (P2VP). The were determined by proton nuclear magnetic resonance
segregation between Pl and P2VP is considerably largespectroscopy *HNMR, JEOL EX400). The volume frac-
compared with that between Pl and PS, which are the stan-tions of the P2VP blockfs,yp Were calculated by using
dard components of the block copolymers widely used for the densities 0.913 [30] and 1.14 [31] for Pl and P2VP,
many block copolymer related investigations. This feature respectively. All estimated values are shown in Table 1.
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 2.2. Preparation of film specimens

solubility parameters. ) ) )
Film specimens were prepared by solvent casting method

as follows: The well-dried diblock copolymer was dissolved

2. Experimental into 5 wt.% solution using dry solvent and put into a Teflon
petri dish (33 mm in diameter). Then the petri dish was
2.1. Diblock copolymer synthesis placed into a moisture-free environment at@8Evapora-

tion of the solvent was proceeded gradually and it took
Poly(2-vinylpyridine)block-polyisoprene diblock co-  about 4 days for the complete evaporation. The polymer
polymers (P2VP-b-PI) having different compositions were film thus obtained was about 0.5 mm in thickness. We
synthesized by the sequential living anionic polymerization have employed seven different solvents for casting, which
[29]. First, isoprene was polymerized by usiegebutyl- have different solvent quality against Pl and P2VP blocks:
lithium (Aldrich, cyclohexane solution) as an initiator in n-butylchloride @-BtCl), tetrachloromethane (Cg)
dried THF at OC under nitrogen atmosphere. For the char- toluene, benzene, tetrahydrofuran (THF), dichloromethane
acterization of the molecular weight of the polyisoprene (CH,Cl,) and 1,4-dioxane. Special attention was paid to
block, an aliquot part of the polymerization solution was isolate each of the petri dishes containing different solvents
taken out by a syringe and analyzed by gel permeationto avoid mixing the evaporated solvent gases during the
chromatography (GPC) using Tosoh HLC8020 with TSK casting processes. The films thus obtained were then dried



Y. Funaki et al. / Polymer 40 (1999) 7147-7156 7149

(b) CCly

(c) Toluene (d) Benzene (e) THF

Fig. 1. Transmission electron micrographs of thin sections of the P2VP-b-PI1(26/74) diblock copolymer films prepared by solvent casting-Bt®h (&)
CCl,, (c) toluene, (d) benzene (e) THF, (f) @F, and (g) 1,4-dioxane solutions. The as-cast sample films were annealed’@t fd4d2 h before the
observations. The sample films were stained with ©3@us the dark and bright regions seen in the micrographs are Pl and P2VP phases, respectively.

under vacuum for 24 h and annealed at “CGidor 12 h were observed by TEM (JEOL, JEM-2000FXZ) operated
before structural analysis. at 200 kV.
We have also carried out the structural analysis of the

solutions at variousp,. The samples used for this series

of the experiments were prepared by dissolving the diblock 2.4. SAXS measurement

copolymer in 1,4-dioxane. The solutions were kept for 12 h

at 50C in sealed bottles before usg, of the solutions were SAXS measurements were conducted with an apparatus

determined by measuring their weights after the SAXS consisting of an 18 kW rotating-anode X-ray generator

analysis and the total polymer weights after evaporating (M18XHF-SRA, MAC Science Co. Ltd.,, Yokohama,

the solvent. 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-

2.3. TEM observation tional counter (PSPC). The sample-to-detector distance
was about 1.8 m. A CuK line beam monochromatized

For TEM observation, an unstained small pieces of the with a graphite crystal with a wavelength of 0.1542 nm

film sample was embedded in epoxy resin, which was was used. Measurements were carried out under the condi-

hardened at 6@ for about an hour. After trimming the tions of the incident X-ray beam being parallel to the surface

specimen, it was microtomed to the ultrathin sections of of the stacked film sample and direction of the detector

about 50 nm thickness using a Reichert Ultracut S with a being perpendicular to the film surface (edge view) at

cryochamber FCS operated atL10°C. The sections were  room temperature. Typical measurement time for one

exposed to osmium tetraoxide (Og®apor for about half- sample was 2 h. The SAXS profiles were corrected for the

an-hour to selectively stain Pl domain. The microphase- absorption of the sample, background scattering, smearing

separated structures in the sections thus obtaineddue to the slit-height and slit-width (desmearing), and the
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Fig. 2. SAXS profiles of P2VP-b-PI(26/74) diblock copolymers prepared by casting framBggl, (b) CCl,, (c) toluene, (d) benzene (e) THF, (f) @&, and
(9) 1,4-dioxane solutions. The as-cast films were annealed &C1d012 h before the measurements. The solid lines plotted under the profiles (a) and (b) are
theoretically calculated from form for spheres. Radjidqf the spheres and their standard deviatian$ ¢sed for the fits are (a)= 13.9 nm,o, = 1.3 nm and
(b)r =17.8 nm,o; = 1.9 nm. The solid lines plotted under the profile (c) is a form factor for a cylinder calculatedrusii§.2 nm,o, = 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 Yo¢hinfinitel

thermal diffuse scattering arising from the density fluctua- a nearly symmetric case, i.e. 0.33 f < 0.67, lamella

tions.

3. Results and discussion

3.1. Structural analysis

It is well known that the composition of the A—B diblock
copolymerf (e.g. the volume fraction of block A) controls

structure appears. If the composition of the block copolymer
is asymmetric, the spherical structure appears for the A-B
block copolymer withf < 0.17 (orf > 0.76), and the
cylindrical structure occurs over the range of 0&7f <

0.33 (or 0.67< f < 0.76). Besides these classical structures,
some studies reported that bicontinuous structures may
appear within a very narrow rangefof.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-

the equilibrium morphology of the microphase-separated mers used in the present study should exhibit either spherical
structure in a strong segregation limit [16,24,32—37]. For (P2VP-b-PI (12/88)) or cylindrical (P2VP-b-PI (26/74))



Y. Funaki et al. / Polymer 40 (1999) 7147-7156

10
E Q
F9
- O
r QO
al
&
102
I & 2
= Q
r Q Q ﬁ
QA L
— \ g
L 7 g0
E @
E 1, ™% :
: 2 &3
+ @g
F @& Q
010 g A ;
L ¢ ‘
[ @ S
107 % s’ ¢ :
_ A
:
& %
_ ) Qe
_ | &
2 h
| 2,
; ez
. E O + )
i L0 (.
. ’_ ] i et (g
: F S L O
& %
© . aQ ¢ 3 i
= 108 <
= 'G ..
> F 1,%5
= @
— - ’Tb. :
@ C Y @ o :
c Q % X {
S @, &< $
Q @ 7
@S, G
I g Q 7 < :
= (7 ”’6’ g ’%‘
s X @& ¢
— P\ )
— g Q
- : & it
%
: 106 i s,
: j . 2 ey
o | | uag (|
: ] 3 3
_ \
r @
[} R
e /a
B Q
[ 1 &3
= @ &
3 >
o S Ry
= 4 & ¢
: £ QS A
(&
4 O T )
b Sl
i ; g
: a
i il U
i i
- L\E ; Huruhmuuu«
- @S e K (C)
@
7
&
2
@
1 h
"V//
102 Qe T
. tuuwu «
Ty -
Y g
M e
@
o
g
e
R .
et (e)

Fig. 3. SAXS profiles for 1,4-dioxane solutions of P2VP-b-PI(26/74) diblock copolymer, a{b) 57 wt.%, (c) 43 wt.%, (d) 27 wt.%, and (e) 10 wt.%.
Profile (a) is the SAXS profile for the bulk P2VP-b-P1(26/74) film after annealing the as-cast film°& fot@.2 h. All profiles were corrected for the smearing

due to the slit-height and slit-width.

structures (see Table 1). Note that the numbers in the parenthand their domain sizes determined as described in the
eses denote volume percents of the constituents of the blockfollowing paragraphs are summarized in Table 2. Note

copolymers.

that the solvents are listed in the order of increasing solubi-

Although the equilibrium morphology can be predicted lity parameter in Table 2, which will be discussed in Section
by the field theories [11-19], the actual structures of the 3.3.

sample films are usually influenced by the way they were

As seen in Fig. 1(a) and (b), the P2VP-b-PI (26/74) films

prepared. Microphase-separated structures of P2VP-b-Plcast fromn-BtCl and CC} solutions exhibited disorderly
(26/74) diblock copolymer films obtained by solvent-cast- distributed spherical microdomains composed of P2VP

ing method from (a)n-BtCl, (b) CClL, (c) toluene, (d)
benzene (e) THF, (f) C}l, and (g) 1,4-dioxane solutions
were examined by TEM (Fig. 1) and SAXS (Fig. 2). In Fig.

blocks in the matrix formed by PI blocks: the bright
unstained P2VP spheres exist in the dark Pl matrix stained
with OsQ,. The corresponding scattering profiles are

2, SAXS intensity is plotted against a magnitude of scatter- presented in Fig. 2(a) and (b). We found a single peak

ing vector,q, which is defined byy = |q| = (4#/A)sin 6/2.
Here A and 6 are wavelength of X-ray and the scattering

marked with a thin arrow labeled “1” due to interparticle
interference of the spherical microdomains and three broad

angle, respectively. The microphase-separated structurepeaks marked with thick arrows labeled “1” to “3” which
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Table 2
Microphase-separated structures of the cast films determined by SAXS and TEM analyses

Solvent P2VP-b-P1(26/74) P2VP-b-P1(12/88)

Morphology? Spacing (nm) Radiu$ (nm) Morphology Spacing (nm) Radiu$ (nm)
n-BtClI Sphere 34.9 13.9 - - -
CCl, 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
CH,Cl, Cylinder and lamella 49.0 - Cylinder 35.2 7.8
1,4-Dioxane Cylinder and lamella 48.9 - Cylinder 35.1 7.8

2Determined by SAXS and TEM analyses. The sphere and cylinder cores are composed of P2VP block chains.

P Average spacing of the microphase-separated structures was determined from the position of the first-order Bragg diffractigiinpakSAXS profile
by usingd = 27/qy,. 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 idistadaceella

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

are typical for the scattering due to isolated single spherical arranged cylinders. In addition to these peaks, the scattering
microdomains (form factor). We have performed theoretical peaks at the relative position at 1, 2, 3, 4, 5 and 6 were
calculations of the form factors whose results are plotted found, which are typical of lamellar microdomainghus
below each profile. The agreements between the theoreticathe observed SAXS profile can be concluded to be obtained
calculations and the actual measurements are found to beérom coexistence of lamellar and cylindrical microdomains
satisfactory at largq values, which further confirm that the  whose inter-lamella spacing and (1 0) plane distances are
microphase-separated structures are spherical. identical.

Microphase-separated structure of the P2VP-b-PI (26/74) The morphology of P2VP-b-PI (12/88) block copolymer
film obtained form the toluene solution was determined to films determined by SAXS and TEM (micrographs and scat-
be cylindrical. In the transmission electron micrograph (Fig. tering profiles are not presented) are also listed in Table 2.
1(c)), circular cross-sections of bright cylinders composed For this diblock copolymer, the films obtained from GCI
of P2VP can be found in dark Pl matrix. In the correspond- and toluene solutions showed spherical microdomain struc-
ing scattering profile (Fig. 2(c)), a typical scattering profile tures, and those cast from THF, @8, and Dioxane solu-
for hexagonally arranged cylinders was found, i.e. the tions resulted in the cylindrical microdomain structures.
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 3.2. Evolution of microphase-separated structure in casting
peaks were observed. The form factor of a cylindrical Process
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 ! The first- and higher-order Bragg diffraction peaks of hexagonally
arrows were+/4,+/7,+/12,+/13 which correspond to the  gyanged cylinders appear at the  relaive positions  of
Bragg diffraction of (1 0), (2 0), (2 1), (2 2) and (3 1) planes 1,3, 4, /7,/9, V12 13 /16,4189 v/21 v/25 etc. They correspond to
of the hexagonal lattice, respectively. We note that the the diffraction from (10), (11), (20), (21), (30), (22), (31), (40),
Bragg peak at relative position Qﬁ is typical for a hexa- (32),(41),(50) plangs, etc., respe_ctivgly. When the in_ter—lamellar spacing
gonal arrangement. It does not appear in scattering prgfileszrt'iiéh;éli dcgn’;f‘;il?'ﬁss%ff/i’—éw\/'z'—g%:;jcﬁgirgzgﬁsamr:’éhc';:n?jrsc‘;?ex'
of alternating lamellae or spheres arranged in cubic lattices. microgomains appear at the same positions of the diffraction peaks of the

Thus, existence of the/7 Bragg peak can be regarded t0 |amellar microdomains. Thus as far as relative peak positions are

evidence of the existence of hexagonally arranged cylinders.concerned, differences in the Bragg diffraction profiles of the lamellar
Finally, coexistence of cylindrical and lamellar microdo- and the cylindrical microdomains only appearA, v7,v12 V13 V19

mains were observed in the P2VP-b-PI (26/74) films cast and+/21 peaks. The relative peak heights of these depend on volume frac-

. . tion of the cylindrical domains. The3 peak of the cylinders is sometimes
from benzene, THF, Ci€l, and 1,4-dioxane solutions. In suppressed, depending on the volume fraction of the cylindrical microdo-

the transmission electron micrographs (Fig. 1(d)—(g)), the mains, which is due to the fact that the form factor of the cylinders becomes
coexistence of the regions with stripe-like lamellar micro- aminimum at/3 peak of the lattice factor [41]. Th¢12and+/13peaks are
domains and circular cross-sections of cylindrical microdo- easily overlapped‘ and §meared. Moreover, they disappear if the volume
main can be clearly observed. The SAXS profiles of these faction of the cylinder is about 0.27, THeLS and 21 peaks may not

. . . be observed if the volume fraction of the cylindrical microdomains is small.
films showed the Bragg interference peak\/ét relative to These cause only the peak+AT distinguishable as observed in Fig. 2(d)—

the first-order peak position which is unique for hexagonally (g).

As shown in Figs. 1 and 2, various microphase-separated
structures, such as spherical and cylindrical microdomains
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as well as the lamella—cylinder coexisting structure, were bulk. Annealing of the specimen at I4for 12 h showed
observed even though the as-cast films were annealed athat the cylindrical microdomain appeared but the phase-
140°C for 12 h before the TEM and SAXS observation. separated structure did not completely transform from
Likewise, spherical and cylindrical structures were lamella to cylinder (see Fig. 3(a)). The scattering profile
observed for the films of P2VP-b-PI (12/88). The variation did not significantly change after much extensive annealing
of the structures observed in the film samples may be due toat 180C for 72 h. Polystyren&ockpolyisoprene (PS-b-PI)
differences in the interaction between the solvent and thewould attain equilibrium structures after such prolonged
two block chains, P2VP and PI. Especially important is the annealing [31]. This difference in the annealing effect on
solvent selectivity to one of the two blocks, which affects the morphological change may be interpreted as follows: the
the effective volumes of each microdomain phase swollen segregation power defined by a product of the Flory’s
by the solvent. Moreover, the effective volumes change as segmental interaction parametgt,and the total degree of
the solvent evaporates, which may generally induce polymerization of the block copolymely, is larger for
morphological change during the solvent evaporation. P2VP-b-PI than for PS-b-PI by an order of magnitdde.
Thus, to investigate the structural evolution in the Therefore, reorganization of morphology which involves
process, we have performed the SAXS analyses of themutual diffusion of the P2VP-b-PI block copolymer mole-
P2VP-b-PI solutions equilibrium at various,. In Fig. 3, cules, especially across the (lamella) interface, is signifi-
1,4-dioxane solutions of the P2VP-b-PI (26/743a$ of (a) cantly slower than the PS-b-PI copolymers: The annealing
100 wt.% (bulk) after annealing, (b) 57 wt.%, (c) 43 wt.%, treatment sufficient for equilibrating the PS-b-PI block
(d) 27 wt.% and (e) 10 wt.% are presented. At 10 wt.%, the copolymer is not enough for P2VP-b-Pl. Consequently,
SAXS profile only exhibited a broad single peak that is due the nonequilibrium microphase-separated structures devel-
to the correlation hole effect of the disordered block copoly- oped from various solvents were maintained in the as-cast
mer solution [14,42]. At thish,,, the solution was inthe one  and even annealed films, demonstrating that the phase-sepa-
phase state. Ap, = 27 wt.%, a distinct sharp interference rated structures in solution are important to understand the
peak was observed (see Fig. 3(d)), which suggests the exisformation of the structures shown in Table 2.
tence of the ordered microdomains in the solution. ¢is
further increased from 27 to 57 wt.%, a number of the 3.3. Solvent—polymer interaction
higher-order interference peaks appeared. The relative posi-

tions of these peaks with respect to that of the first-order Affinity of solvents to polymers can be estimated by
peak were found to be 1, 2, 3, 4, 5 and 6, typical for a introducing the “solubility parameter§, which is defined

lamellar microdomain structure. In this concentration @S the square root of the cohesive energy density and
range, no trace of the cylindrical microdomain was found. describes the strength of at.tractlve force between molecules
Finally, after annealing the solvent-cast film, the scattering [44]- In the classical lattice model [45]y parameter
(Fig. 3(a)) showed the coexistence of lamellar and cylind- between a polymer and a solvent can be written in terms
rical microdomains as was discussed previously. We note of &;

that the position of the first peak shifted to a lovegas ¢, Vsowent 2

increased, i.e. the domain spacing increased with increasingX = ~RT <5solvent_ 3polymer> ’ @

the polymer concentration. This tendency can be understood .
in terms of an increase in the segregation between PI andVNer€VsovenrandR are, respectively, molar volume of the

P2VP blocks with increasing, [9,27,43]. sp_lvent and the gas constafgyenanddyoymerare the solu-_
As shown in Fig. 3, the microphase-separated structure Pility parameters of the solvent and the segmental unit of

was already formed in the solution. This structure remained POYMeT (approximated by 2-vinylpyridine unit or isoprene

as a non-equilibrium structure in the bulk film obtained after UNit in the present case). Tliementioned above describes

complete solvent evaporation. It is thus very likely that the 270 the best of our knowledae. there | t onghErameter |
. . . . . o the best of our knowledge, there is no report onythgarameter for
partition of the solvent in the microdomains developed in P2VP-b-PI. Thus we offer the following estimation. Th@arameter can be

the solution plays a significant role, because it changes theq,gniy estimated by using the relatidn- y**N?? (for lamella), whered
“effective” volume ratio of the microdomains. This partition s the domain spacing defined Hy= 27/qy, (gn is the wave number where
of the solvent makes the microphase-separated structure tahe first-order peak was observed) aids the degree of polymerization
be modified from the equilibrium structure in bulk which [27]- For P2VP-b-Pld was evaluated to bekyye_p = 47 nm from the

can be expected from the intrinsic composition of P2VP-b- SAXS results for P2VP-b-PI (26/74) obtained from toluene solution as
P shown in Table 2. Although cylinder was obtained from the toluene solution

o and thus the above relation does not strictly hold, in the present stuehs
P2VP-b-PI (26/74) in dioxane showed lamella structure at not significantly different between lamellar and cylindrical morphology.

polymer concentration up t¢, = 57 wt.%, presumably The d value for the film obtained from a toluene solution was adapted.
because a larger amount of dioxane was partitioned moreFor the PS-b-Pid was evaluated to bébs_pi~ 50 nm forNes_pi~ 1200
into the P2VP microdomain (see Fig. 3 and Section 3.3 for ([43]. calculated assumind, = 10° (N =1200)f = 0.5,d =50 nm and the

. . . e . ’ values are taken from Ref. [10]). Thus, the ratio yffor P2VP-b-PS,
details) than into the PI microdomain: The effective volume " and that for PS-b-PI, ypsp is estimated to be
of the P2VP domains in the solution were larger thap-in Xeavp—pi Xps—p1 = (B2ovp_pNZyp_p)/(d3s_py/N3s_p) ~ 8.
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Table 3 is valid in such cases, the solvents tend to go more to P2VP

Solubility parameters of the solvents and polymers used for the experiments microdomain rather than Pl microdomain. This selective parti-
Beaprom (MPEL? S poymer (Mpat?) tiqn of the splvent mgkes the gffective volume ratio of P2V_P

microdomain to PI microdomain larger than the volume ratio

B’ 8d’ 8’ 8’ to constituent blocks intrinsic to composition of P2\fRyn

n-BICl 174 16.4 55 20 _ Th|§ unequal part|t|op ofthe solvents modifies the curyature of

ccl, 178 178 0.0 0.6 _ the interface of the microphase-separated structuresin order to

Toluene 18.2 18.0 1.4 2.0 - attain uniform density distribution of polymer chains over the

Benzene 194 16.8 5.7 8.0 - space, which causes the structures to deviate from the equili-

THF 203 182 63 61 - brium in the bulk. In contrast, iBy sovent < Snneu @nd thus

Dioxane 20.5 19.0 1.8 7.4 - 2 ' 2 i

Pl _ _ _ _ 16.8 (SH,PZVP_ SH,soIven) > (SH,PI - 6H,solven) , the solvent tends

PS _ _ _ _ 188 to go more into Pl microdomain rather than P2VP microdo-

P2VP - - - - 219 main. Hence, for P2VP-b-PI (26/74), the resulting morphol-

ogy changed from cylinder to sphere upon changing the

a
Taken from Ref. [48]. SOIVent qua"ty fromaH,soIvent > SH,neu to 8H,solvent < 8H,neu

b §g, &,, andsy, are dispersive, polar, and hydrogen bonding terms of the

Hansen solubility parameter, respectively. We note that the struc?ural change did not occur in
¢ Taken from Ref. [49]. P2VP-b-PI (12/88) even in the case & sovent < OHneu
¢ Assumed to be equal ), for pyridine taken from Ref. [48]. 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
olutions showed approximately their equilibrium morphol-
gies, i.e. cylinder, the volume fraction of the cylindrical
microdomain turned out to be 0-30.31%. 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
& =85+ 5‘2)’ + 8. ) than to the PI microdomain in the solution state. Moreover,

Benzene, which has a slightly larger value of the Hansen’s
The §4 is related to the London dispersion force. Hansen’s 5 34.solvens than toluene, gave the coexisting morphology of
solubility parameters, 5y, for solvents together with  |amella and cylinder for the solution cast films of P2VP-b-PI

Sn,poymer fOr Pl and P2VP are listed in Table 3. Each of (26/74). These facts can be interpreted as a consequence of
the terms contributing to the Hansen'’s solubility parameter the solvent being better for P2VP than for PI, and hence the
is also listed in the table. Note that the solubility parameter poyvp microdomain was swollen more than the Pl micro-
of P2VP listed in the table is assumed to be equal to that of gomain. On the other hand, the P2VP-b-PI (26/74) films cast

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 preseng
study have permanent dipole (polar solvent). Thus, a modi-
fication for é is required. Hansen [46—48] and Hansen and
Skaarup [49] took the following three terms into considera-
tion: dispersive &g), permanent dipole—dipole interaction
(8p) and hydrogen bonding forcesj,

pyridine, which is used in the following discussion. from CCl, solution exhibited the spherical microdomain
The partition of the solvent to the P2VP and Pl micro- strycture, which means that GQlvas better for PI than
domains is determined by the balance betwe®ef/r — for P2VP. Therefore, a borderline in terms &f between

Shsoven)” AN Brip1 — Srisoven)’, Wheredy povpanddppiare  the equilibrium and the nonequilibrium morphologies for

the Hansen’s solubility parameters for P2VP and Pl, respec-the p2VvP-b-PI (26/74) solution-cast films was somewhere

tively. If these two quantities are balanced, i.e. between toluene and CCIThis border line is consistent
with the P2VP-b-Pl (12/88), although the morphological
change was not observed un8l, reaches the value of

3) THF. It is rather hard to estimate the neutral solvent from
the experimental results obtained from P2VP-b-PI (12/88).

the solvent equally goes to each microdomain (“uniform  As listed in Table 35, p,ypandéy p values are, respec-

partition of the solvent”). In this particular case, the solvent tively, 21.7 and 16.6 MP#. According to Eq. (3), there-

acts as a neutral (nonselective) solvent for P2VP-b-PI so thatfore, the solubility parameter of the neutral solveiif,e, iS

the block copolymer in the solution will attain the equili- estimated to be 19.1 MPA In contrast, the discussion

brium morphology equal to that for the block copolymer

melt, i.e. sphere for P2VP-b-Pl (12/88) and cylinder for ——M

P2VP-b-PI (26/74). S_Sca_lttering profile from‘cylindrical structure ca_st from toluene (profi!e

The morphologies developed in the solvent-cast films wil (c) in Fig. 2) exhibited multiple interference scattering peaks, among which

e . . the/3 peak was not observed. This feature is realized if the volume fraction
not be equilibrium ones in the bulk, &, soentiS larger than of the cylinder is in the range of 0.3 to 0.31 based on the calculation

Onnew Asthe relation§y povp— 6H$0|\,en)2 <(6up— 8H,so|\,en)2 presented in Ref. [41].

2 2
(81,p2ve — O solvend” = (8H,p1 — OH solven?d or

8H,solvent= 1/2(6H,P2VP + 6H,P|) = 5H,neu,
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