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ABSTRACT: We aim to elucidate the cosurfactant effects, which are expected when junctions of two block
copolymers share a common microdomain interface, on morphology and phase behavior of mixtures. Especially
this paper addresses the effects involved for binary mixtures composed of polystoek@olyisoprene having

about equal molecular weights but complementary compositions, one forming polystyrene (PS) cylinders in
polyisoprene (PI) matrix and the other forming PI cylinders in PS matrix. Transmission electron microscopy and
small-angle X-ray scattering were used to characterize the phase behavior and domain spacing of the binary
mixtures. First, we found an expanding composition range for hexagonally packed cylindrical morphology and
a narrowed composition range for lamellae relative to the corresponding composition ranges for neat Sl block
copolymer under a strong segregation condition. The result indicates that the cosurfactant effects help a block
copolymer to take its spontaneous curvature. Second, it was found that the effects enlarged the domain size and
interdomain distance of the binary mixtures. Those results were compared with the theory by Birshtein and co-
workers, which is proposed to describe the microdomain morphology for strongly segregated binary block
copolymers. We found good agreements between experimental and theoretical results in terms of (i) domain size,
(i) interdomain distance, and (iii) the blending compositions where morphological transitions occur.

I. Introduction Va0 I Rl /\/‘f"\‘ ~
vl S

It is well know that block copolymers (bcps) show various A . A B
kinds of microdomain structures having nanoperiodicity depend- Macrophase seperation Microphase seperation
ing on volume fraction of one component block. It is also well- — o -
known that a short bcp forms a small domain and a long bcp e ‘_g 4\’; Ty \,/\V\’\J'_“J U'a\/\
forms a large domain. When the long bcp and short bcp mix el -

. . - g L f\./(—) N AW, .4,V AR
with each other in the same domain with their chemical junctions ! b i
on the common interfaces, the long-range interactions between (a) Single-Interface System (b) Multi-Interface Systems
the short chain and the long chain must compete with each other Bulk: Assembly of interface

to form the domairi® How does this competition affect the  Figure 1. Effects of the connectivity between polymer A and B at
morphology and size of the nanodomain? In this paper we aim their chain ends on the morphology: (a) macrophase separation in the
to explore the cosurfactant effects, which are expected whenmixtures of homopolymer A and B; (b) microphase separation M-

the junctions of two bcps share a common microdomain %iPSPS:

interface, on morphology and phase behavior of bcp mixtures.
Especially in this paper we focus on clarification of the effects
for binary mixtures composed of polystyrebieckpolyisoprene
(PSb-PI) having about equal molecular weights but comple-
mentary compositions, one forming polystyrene (PS) cylinders
in polyisoprene (PI) matrix and the other forming PI cylinders
in PS matrix.

Let us consider a system composed of two immiscible
homopolymers A and B, as shown in Figure 1a. The Hory

A—A, B—B, and A-B segments. On the other hand, with
incorporation of a single covalent bond between chain ends of
A and B polymers to create diblock copolymers (dibcps),BA
dibcps can achieve microphase separation in which the bulk
bcp is nothing other than the assembly of interfaces separating
A and B microdomains (Figure 1b). It is very important to
realize here that the short-range interactions inherent in the blend
interplay with the long-range interactions of A and B. These

HUQai Li . b A and B long-range interactions involve conformational entropy of block
uggins segmental interaction parameter between A and B, opaing ynder the incompressibility requirement inherent in

which depends on competing van der Waals Short'r"mgeliquids, which is important and inherent in polymer science.

interactions of A-A, B—B, and A-B segments, is assumed 0 pg jnterplay of these two interactions is a key physical factor
be positive so that the system separates into two macroscopiqy, bcps and yield long-range-ordered domain structures with
phases of almost pure A and pure B with a single interface in various spatial symmetri¢é

thermal equilibrium (Figure 1a). The important physical factor Now we turn to discuss the self-assembly of mixtures of beps.

in this blend system is competing short-range interactions of We have the same short-range interactions between A and B as
in neat A—B bcps. However, the long-range interactions of the

leoto University. two bcps (designated hereafteroraandf) themselves now have
Japan Atomic Energy Agency. . to compete with each other, which should give new “delicate
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41, Miyukigaoka, Tsukuba, Ibaraki 305-0841, Japan. gffects on nanosized patterns. The competing Iong-range
O Present address: ASRC, JAEA. interactions ofa. and S will give two cases as schematically
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Cosurfactant system: «and # Macrophase seperation:a and g
sharing common interfaces sharing different interfaces

Figure 2. Effects of competing long-range interaction of twobA bcps on the morphology of the mixtures of bapsand 3, giving rise to
cosurfactant effects (part a) and macrophase separation (part b).

Bcylin A

(b)

— 2

eat bc;r; B neatbcpp  (c)

Figure 3. Case of a cosurfactant effect giving rise to an increased interface curvature: (a) packing constraint to satisfy the demand of incompressibility
does not allow for a slightly asymmetric b@pto take a spontaneous curvature as shown in part (c), while mixing of a small amout of symmetric
long block chainsx can release the packing constraint, resulting in formation of cylinder (b).

shown in Figure 2, one in which the two blocksandf are and hence will promote the short asymmetric iicio take its
miscible and share common interfaces and act as cosurfactantspontaneous curvature (part b).

(part &) and the other in which they are not miscible and share |5 another case, the cosurfactant effects tend to decrease
different interfaces (part b), giving rise to macrophase separationinterface curvature as schematically shown in Figure 4. A long
in two different ordered phasesand.® In this paper, we shall  asymmetric block chain. can form spherical microdomains in
not discuss the systems which undergo macrophase separatioBcc |attice (part a). We found out that blending a small amount
but rather discuss the cosurfactant systems. We would like to of 3 short symmetric bcf effectively changes morphology from
highlight that the effects promote the bcps to exhibit micro- pec spheres to hex cylinder, double gyroid, and laméllte.
domains having a spontaneous curvature mediated by anpne replaces a small fraction of long asymmetric bdpy the
asymmetry in the molecular volumes of PS and PI block chains. short symmetric chaing without changing the curvature and
Figure 3 shows the case where the cosurfactant effectconformations of b, one would create density dip (void as
increases the interface curvatdré long symmetric bcpo schematically shown in part b). This situation is unstable, so
having an equal block length for block chain And B, takes that the neighboring long asymmetric bep change their
zero spontaneous curvature, giving rise to lamellar morphology, conformations and filled the density dip (part c). This process
while a slightly asymmetric short bgbhaving block length of involves change of the interface curvature from sphere to
Ay slightly larger than that of Btakes a small spontaneous ~cylinder or cylinder to lamella (from part b to part c). This is
curvature (part a). However, many-chain effects on packing the also a manifestation of a cosurfactant effect.
bcp g in the domain space do not allow the small spontaneous  Since Hadziioannou and Skoulfagported the study on the
curvature and end up the flat interface and hence a small lamella.microdomain structure of the blends of bcps by SAXS and TEM,
Why is the spontaneous curvature not allowed? The reason isthe phase behaviors of the blends of bcps have received
simple: as shown in part ¢, the packing of many chains with considerable experimenidt819-17 and theoretical attentioi. 26
this curvature generates a void in the middle part of the B A series of studies on binary mixtures of bcps were published
domains, which is unstable (left-hand side of part c). In order by Hashimoto and co-workers, who started studying lamellae-
to avoid void formation, the Bchains must be stretched to fill ~ forming bcp blend$:2” They extended their investigations to
the space, which causes extra cost of stretching free energy anather morphologies laté® The domain size of binary mixtures
hence is unstable also (right-hand side of part c). Therefore, of two symmetric PS-Pl copolymers was also explored by
the slightly asymmetric short bcf forms a small lamella, Kane et alt® Spontak et at! used blends of P8-PI copolymer
instead of cylinder, for example. However, when a small fraction of different compaositions but similar molecular weights to vary
of the large symmetric bog is added to the slightly asymmetric  the morphology by changing the relative amounts of the two
short bepp, the large symmetric bep will fill the void space copolymers. Sakurai and co-work&rgound an orderorder
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morphology——

(a) long asymmetric bcp o

Blending with a short
symmetric bep g

Figure 4. Schematic illustration of a cosurfactant effect which gives
rise to a decreasing interface curvature: (a) a long asymmetrictbcp
forms bcc spherical domain; (b) a small amount of short symmetrical
bcps, which replace the bap and which segregate at the interface,
leads to regions of low packing density. The creation of density dip
destabilizes the spherical morphology. The unstable situation in (b)
drives a curvature decrease to enable the long chaiodill the voids

and hence a transition from sphere to cylinder or cylinder to lamella,
as shown in the change from part b to part c.

transition between the lamellae and gyroid phase in a mixture
of PSb-PI copolymers with increasing temperature.

On the theoretical side, Shi and Noolak¥d? predicted the
cosurfactant effects using self-consistent-field theory with the

Macromolecules, Vol. 40, No. 10, 2007

Table 1. Characteristics of Polystyreneblock-polyisoprene Used in

This Work
code Mp x 104 Mw/Mp Nps? N|:>|b fps
a 5.12 1.02 101 581 0.185
p 3.75 1.02 263 141 0.705

a2 Number-average degree of polymerization (DP) of a polystyrene block
chain.? Number-average degree of polymerization (DP) of a polyisoprene
block chain.c Volume fraction of polystyrene in the dibcps.

further drying at 60°C under vacuum until constant weights were
attained. The film specimens were further annealed in order to
achieve a near-equilibrium state at 130 for 24 h under a K
atmosphere before SAXS measurements at room temperature and
TEM observation.

I1.3. Small-Angle X-ray Scattering. The microdomain structures
were investigated by small-angle X-ray scattering (SAXS) using a
rotating anode X-ray generator operated at 40 kV and 300 mA.
The X-ray monochromated by a graphite crystal has wavelehgth
= 0.154 nm (Cu Kv). The scattered intensity is measured with a
one-dimensional position-sensitive proportional counter. SAXS
profiles were recorded at room temperature over a period of 30
min and corrected for air scattering, absorption, and thermal diffuse
scattering.

Il.4. Transmission Electron Microscopy. For transmission
electron microscopy (TEM), the film specimens were microtomed
at—100°C, using a Reichert Ultracut E low-temperature sectioning
system. The ultrathin sections were stained with the vapor of 2%
osmium tetraoxide (Os£) solution for a few hours. The stained
sections were observed with a JEOL JEM2000FXZ TEM operated
at 120 kV. On the TEM images the Pl microdomains appear dark,
while the PS microdomains appear bright due to the selective
staining of Pl domains with OsO

strong segregation limit (SSL). They showed that a small amount !ll- Results

of short bep chains at interfaces may shift the phase boundaries

of the mixture, suggesting that the morphologies of long bcp
can be modified by the addition of short block chains. Mat%en
constructed phase diagrams for the binary mixtures of two
lamellae-forming copolymers but with different molecular
weight. He predicted that as the ratios of the molecular weight

Ill.1. Characterization of the Morphology of the Neat
Diblock Copolymers. Figure 5 shows the TEM micrographs

of neata. and neaf3. The dark region corresponds to the @QsO
stained PI phase, and bright one is the unstained PS phase. Those
images show clearly that sampte (image a) exhibits the
morphology of PS cylinders in Pl matrix, while samplémage

exceed 5, the blends may phase separate into two distinctb) consists of PI cylinders in PS matrix. Both of them form

lamellar phases, which is consistent with the experimental
observatior?, as depicted in Figure 2b.

In this paper, we continue our effort for the elucidation of
the cosurfactant effects for the mixtures of two bcps having
equal molecular weight but complementary compositions. We

aim to explore how the effect changes morphology and phase
behaviors. The experimental results were analyzed in the context

of the strong segregation theory proposed by Brishtein, Zhulina,
and Lyatskay&2-26

Il. Experimental Section

11.1. Samples. Two PSh-PI bcps used in this study were
synthesized by sequential living anionic polymerization veitie
butyllithium as an initiator and cyclohexane as a solvent. For each

hexagonally packed cylinders with long-range order.

The morphologies of the neat bcps were further confirmed
by SAXS. The SAXS profiles taken at ambient temperature are
shown in Figure 6. The profiles are plotted as a function of
magnitude of scattering vectay, defined as

g = (4n/A) sin(6/2) Q)
where/ and6 are the wavelength of the incident X-ray and the
scattering angle, respectively. The scattered intensity is plotted
on a logarithmic scale in arbitrary units. On both of the profiles,
the position of the first-order maximung{) can be easily
determined. We marked the positions of the higher-order
scattering maxima by an arrow with number. The SAXS profiles

synthesis a precursor sample was taken before the second-stepf neata andg clearly show five higher-order scattering peaks

polymerization of isoprene to determine the molecular weight of

the polystyrene block by size exclusion chromatography. Charac-

teristics of these copolymers designate@nd are summarized
in Table 1.
I1.2. Preparation of Film Specimens.These two bcpst and/

were mixed and dissolved in a homogeneous solution with toluene

as a solvent. Film specimens having 16 different blending composi-

tions were obtained by a solution-cast method, as shown in Table

at positions ok/3, v/4, v/7,+/9, andv/12 relative to the position
of the first-order peak, indicating that the morphology of these
samples is hexagonally packed cylindrical with reasonable long-
range order. These SAXS results seem to be in good agreement
with TEM images.

I11.2. Morphological Study of Binary Mixtures by TEM.
The typical TEM images of six representative mixtures (90/10,

2. Film specimens were cast from the toluene solution containing 65/35, 60/40, 40/60, 30/70, and 20/80) of sampleand /3

5 wt % of polymer in total and then dried until a constant weight
was attained. The drying process involved two steps: The slow

described in Table 2 are displayed in Figure 7. The 90/10 and
65/35 blends (a and b, respectively) appear to exhibit the PS

evaporation process of the solvent for 3 weeks at room temperature;,cylinders in Pl matrix, while the 60/40 and 40/60 blends (c and
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Table 2. Characteristics of the Blend Specimens Studied in This Paper

o/ wt %/wt %R
90/10 83/17 81/19 78/22 75/25 70/30 65/35 60/40 55/45 50/50 40/60 30/70 20/80 15/85 10/90  5/95
Ppd 0.24 0.27 0.28 0.30 031 0.34 0.36 039 040 043 048 054 0.60 0.62 0.65 0.67

morph-  PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl lam lam lam lam  gyroid Pl-cyl Pl-cyl Pl-cyl Pl-cyl

ology*
D (nmy 38.8 454 48.9 47.6 495 475 48.8 431 428 422 414 439 434 417 405

R (nm)y 998 124 13.6 13.6 145 145 154 16.7 172 181 197 14.7 14.0 13.0 12.2

aBlend composition® Net volume fraction of PS block chains in blends givendpg = (daWes* + gswed){ daWes + gsWed + ppsopi [gu(l — Wes)
+ gs(1 — wed)]}, whereg, andgg are the weight fraction of. andg in the blendswe<* andwed are the weight fractions of polystyrene blocks in neat
a andp; pps = 1.0514 g/crd and pp; = 0.925 g/cm. ¢ Determined by SAXS and TEM.Interdomain distance.Radius of cylinder as calculated Ry=

(v/3127)°5¢°5D, wherei = PS or P, or thickness of PS lamella as calculated.iy= D¢ps

Table 2) measured at room temperature are shown in Figure 8.
The profiles are represented as a function of the reduced
magnitude of scattering vectaygm, and the scattered intensity

is represented on a logarithmic scale in arbitrary units. On each
profile, we marked the positions of the higher-order scattering
maxima by an arrow with number. The SAXS patterns for the
90/10 and 65/35 blends exhibit respectively two and three
higher-order scattering peaks at positions in the ratio of4l:

V7 and 13/4:4/7:4/9, indicating that the morphology of these
samples is hexagonally packed cylindrical. Note that the second-

S neat o = R Neat [ M

o order peak at/3 for hexagonally packed cylindrical morphology

is relatively weak for 90/10 or even absent for 65/35.

Samplea. (part a) exhibits the PS cylinders in PI matrix, while sample The SAXS profiles of the 60/40 and 40/60 blends clearly
B (part b) consists of Pl cylinders in PS matrix. The Pl microdomains show four higher-order scattering peaks whose positions are
appear dark due to selective staining with QsO integer multiples of the first-order scattering peak position, hence

Figure 5. Transmission electron micrographs of sampieand 3.

revealing lamellar morphology. With a further increase of the

fraction of bcpg in the blend, the SAXS profile dramatically
108 changes; a peak or shoulder appears near the first-order peak.
_ ; The ratio of peak position can be expressed as 1:1.1%3:),
5 10 " which corresponds to the diffractions from (211) and (220)
*g s V7 o planes of a double-gyroid phase. Moreover, we can discern a
— 10 \}‘J\iz\ broad peak arising from the third- and fourth-order reflections
2 I g .
3 5 at position of 2.52 {/19/3) and 2.89¢25/3) overlapping one
5 10 neat & another, corresponding to the reflections of (532), (611) and
E 4 V12 (550), (543) planes, respectively. The result indicates that the
10 N 30/70 blend exhibits the double-gyroid structure, which is in
3 g good agreement with the observation by TEM.
10 With a further increase of the weight fraction of bgpin
' blend, the SAXS profiles (of the blends 20/80 and 5/95) show
02 04 _10'6 0.8 again a classical powder pattern of hexagonally packed cylindri-
q(nm) cal morphology lacking the high-order reflection¢B for the
Figure 6. SAXS profiles of neatx and 3 reveal that the two beps 20780 blend and/4 for the 5/95 blend. This result is consistent
form hexagonally packed cylindrical morphologies. with our theoretical prediction about the SAXS profile of

d) consist of alternating PS and PI lamellae. The image (e) hexagonally packed cylinders, based on paracrystalline m&del.
corresponding to the 30/70 blend shows the uniform and regular The relative intensities of the higher-order maxima at position
“wagon-wheel” pattern, which is consistent with the [111] of +/3 and+/4 are sensitive to the composition of the sample.
projection of the gyroid phase, indicating that this blend forms As mention above, we also studied the morphologies of the other
double-gyroid structure of Pl in the matrix of PS. We discern blends described in Table 2 by SAXS, though not presented in
that the 20/80 mixture consists of Pl cylinders in PS matrix, as this paper. Those SAXS profiles show that the other five blends
shown in Figure 7f. Note that we studied the morphologies of (83/17, 81/19, 78/22, 75/25, and 70/30) with composition in
the other blends also as described in Table 2 by TEM, though the range between 90/10 and 65/35 form PS cylinders in PI
they are not presented in this paper. Those TEM images showmatrix, while the other two mixtures (55/45 and 50/50) with
that the other five blends (83/17, 81/19, 78/22, 75/25, and 70/ composition between 60/40 and 40/50 possess alternating
30) with composition in the range between 90/10 and 65/35 lamellae structure. When the weight fractiorooh the mixtures
form PS cylinders in PI matrix, while the other two mixtures (15/85 and 10/90) is less than 20%, the blends form PI cylinders
(55/45 and 50/50) with composition between 60/40 and 40/60 in PS matrix. All SAXS results are consistent with the
possess alternating lamellae structure. When the weight fractionobservation of TEM.
of ain the mixtures (15/85, 10/90, and 5/95) is less than 20%, Note that we have investigated SAXS and TEM for the 16
the blend mixtures form the PI cylinders in a PS matrix. blends. All of them show a single microdomain morphology
111.3. Morphological Study of Binary Mixtures by SAXS. which depends on blend compositions, implying theand
The SAXS profiles of the seven blend specimens (including are miscible at the molecular level and forming the single
those used to produce Figure 7 and the 5/95 blend described irmicrodomain morphologies.
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Figure 7. Series of transmission electron micrographs obtained from blends described in Table 2. The 90/10 and 65/35 blends (a and b, respectively)
exhibit the PS cylindrical morphology, while the 60/40 and 40/60 blends (c and d) consist of lamellae. The 30/70 blend exhibits a double-gyroid

morphology (e), and the 20/80 blend consists of PI cylinders (f).

Intensity [arb.u.]

101 e leiiiinnn Lo Lo Lo 1 10 o b b b b

1 2 3 4 5 1 2 3 4 5
q/q,, q/q,,
Figure 8. Series of SAXS profiles from blends of/s with different compositions. The 90/10 and 65/35 blends (a and b, respectively) show a

typical profile for hex cylinder morphology, while the 60/40 and 40/60 blends (c and d) consist of lamellae. The 30/70 blend exhibits a double-
gyroid morphology (e), and the 20/80 and 5/95 blends consists of Pl cylinders (f).

Increasing Amount of BCPS compositions reach the range 0.80¢ps < 0.71, the blends
_ G . > possess PI cylindrical structure. The morphologies of neat Sl
Blend . PS.cyl | | lamella o RReyin dibcps have been identified very well. In the regime of a strong
Neat PS-cyl G| lamella EEEEN segregation limit, the following sequence of phases is observed
0300.320.36 0.39 048 054 0.60 0.62 0.67 Ppg OF fig in the composition range corresponding to our experiment as

Figure 9. Summary of morphological investigation of the blends of Shown ir_‘ Figure 9:fes < 0.30, PS CyIir_lder; 0.3& fps < 0.32,
PSb-PI bepsa/ with increasing amount g8 bep or volume fraction PS gyroid; 0.32< fps < 0.62, alternating lamellae; 0.62 fps

of PS block in the blends in comparison with the result of iPBF < 0.67, Pl gyroid; 0.6 fpg, PI cylinder?® wherefpsis volume
neat bcp. fraction of PS block in neat Sl dibcps.
IV. Discussion Let us now compare the phase behavior of the blend with

that of neat bcp. The comparison reveals that the blends have
summarizes morphological investigation of the blends of SI &n extended composition range for cylinders but a narrowed
dibcpsa/B. With increasing amount g8 which is rich in PS composition range for lamella. A neat bcp having volume
composition, the volume fraction of PS block in the blepsk fraction of PS nearly 0.35, for example, has a small spontaneous
increases, and morphology of the blend changes from PScurvature (see Figure 10a). When such a neat bep is packed
cylinder, lamella, and finally to PI cylinder. When the composi- With its spontaneous curvature and without a significant change
tions are in the range 0.19 ¢ps < 0.36, the blends form a  of conformation, a density dip around the center of Pl micro-
hexagonally packed PS cylindrical microdomain. Increasing the domains is created or Pl block chains must have stretched
composition in the range of 0.39 ¢ps < 0.48 leads to an  conformations as already discussed in conjunction with Figure
alternating lamellar structure. Further increasifig to 0.54, 3c. Both cases need extra free energy cost and therefore are
the blend exhibits a PI double gyroid in PS matrix. When the thermodynamically unstable. Thus, the packing constraint to

IV.1. Phase Behavior as a Function of¢ps Figure 9
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- the mixtures and that all their chemical junctions between A
(a) Slight asym. bcp o: frs=0.35 v and B blocks share a common interface. The space of each
microphase (i.e., A microdomain and B microdomain) is divided
into two layers: the layer close to the interface (Ig§econsists
of short chains and a part of long chains which take the same
conformation as the short chain, and the rest of long chains fill
the other space (layer) unoccupied by the short chains. The
constant density is maintained everywhere in the domain space.

Here we shall not attempt to repeat the derivation as we did
before?! but rather show only the resulting general expressions
of the interface area per chaioy, the free energy per chain,
AFy, and the characteristic domain siZ&, corresponding to
the thickness of B lamellae or the radius of B cylindrical domain.
The details are available in the original papers.

(b) Neat bep « (c) with a small amout of

bep j: fPs\= 0.65
% AN |
é é ARV '\,"

ZI%

lammella

— 2 1/3 1/3
Figure 10. Schematic illustration of the cosurfactant effects narrowing oy=4a (NB,ﬁ) (PQ) 2)

the lamellar composition range: (a) a slightly asymmetric doémving

a small spontaneous curvature, (b) packing constraint of neat, slightly
asymmetric bcpx resulting in the formation of lamella, and (c) upon
mixing of bcpp, the cosurfactant effect relaxes this packing effect to
promote bcpo to take the spontaneous curvature.

AF, = 20(Ng ) (PQ)™ ©)

R =ia(l+ agng(Ng ) %(PQ) ** (4)

(1) Junctions of 2 bcp's
share common interface

A

(2) A part of @ chain and a whole chain
of #have the same conformation in

the regions Agand Bg . . .
wherex = C or L referring to cylinder or lamella, respectively,

ic=2,iL =1, andais the segmental length. The characteristic
domain sizeR, corresponding to the thickness of A lamellae
or the radius of A cylindrical domain are obtained by exchanging
the subscript of relevant parameters B and A in eg44tinto

the subscript A and B, respectivelys is the mole fraction of
the short chain in the mixtures, aduis the surface free energy

‘0

(b)

Figure 11. Schematic illustration of BZL model of blends of two bcps
with different molecular weights and composition: (a) cylinder and
(b) lamella.

satisfy the demand of incompressibility does not allow slightly

asymmetric bcp to take the spontaneous curvature, resulting in
lamellae formation, as shown in Figure 10b. However, when

coefficient of the interfaceo; (j = A or B) is the relative
difference between the degree of polymerization (DP)-tbf
block chain in bcpo andf, given by eq 5:

o = No ~ N

J N, (5)

we mix a small fraction of bcg, the long PI block chains of

B fill the void space in the center of the Pl domain without WhereNjx (j = A or B, k = a or j) is DP of of thejth block
significantly changing the spontaneous curvaturecofind chain in bcpk.
without significantly imposing extra stretching @fandg chains

(Figure 10c). Therefore, the cylinder is stabilized in the

expanded composition range (6:8.36). The cosurfactant

effects relax the packing constraint and stabilize the slightly 5
asymmetric bep to take the spontaneous curvature, which IeadQC(n NE r—G(aB,n ) +
to the narrowed composition range for lamellae. The same story 2

is applicable to the other side of composition range (PI cylinder),
too. This is a manifestation of a cosurfactant effect for this blend
system.

The observed expanded region of hexagonal cylinder phase
at the expense of the lamellar phase is a generic phenomenon
in mixtures of block copolymers. For example, Cooke and®Shi
also found recently that the cylindrical phase is widened at the
cost of the lamellar phase in their study of the phase behavior

P = 7%/(4dDpy) (6)

pBNA‘ﬁ 24+ 3hAﬂ/r) N
PaNes (24 hy,ir)?
5 2[4+ 3N, /(r + hy )] ( r

3
r+ hAﬂ) (7)

PeNas_
N anNs 3
PaNs s *° [2 4 hy /(1 + hy )]

N
QUNY = 1+ agnd+ LB AP
PaNg 4

A+ans)  (8)

of polydisperse dibcps
IV.2. Quantitative Analysis with the BZL Theory. A. Brief
Description of the BZL Theory. For more quantitative

wherep; is the stiffness parameter of thth polymer chain,
given asp; = Af/a, and A is the Kuhn segment length.
Parameters, hag, andhaq are given by eqs-911, respectively:

discussion of the effects, let us compare our results with BZL

theory, the theory established by Birshtein and co-workers. r=2(1+ogny C)
As schematically shown in Figure 11, the model assumes that

a binary mixture of A-B bcps with different compositions h N 1

which are miscible and form (a) a cylindrical microdomain or A — \/1 + ﬁ(—) -1 (10)
(b) a lamellar microdomain under strong segregation limit. The r Ngs\1 + ogng

theory assumes that macrophase separation does not occur in
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r Ngs\1+ agng Ngs\1 + agng

The functionG(ag,ns) is rather complicated as described below:

G(0g,ne) = (1 + agnd{Vu? — I[6u’(1 + ag) +
0.53%u(1 — 505 — 1005%) — 0.59%(1 + o) —
u3(6 — ag — 505%)] + [—0.5%5(1 + 5ag) +
0.5%%(—10+ 305 + 1505%) — 5u(U” — 1)(1 + o) +
u*(6 — oy — 5059)]} — 3l%agns (12)

wherel andu are determined by the following equations:

Ne ViI-Pl-og) —ag

1+0~an: 1- oy’

12In 3~ o) (13)

1—J1-1%1—agd)
1 ogy1— 151 - o)

1—0LB2

u (14)

Note that in this theory the monomer volume,s assumed

to be equal for both block chains for the simplicity and

characterized by the segment lengthapfas v = a. Taking
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between the lines (a) and (b) and symbols are for lamella, and
the curves on the right hand of the line (b) and (unfilled and
filled) triangles are for PI cylinder. Overall agreements are very
good. More precisely, the two results satisfactorily agree in terms
of absolute value of the domain size and distance and the
composition where OOT occurs as well as the gap in the value
of interdomain distance at OOT point. We would like to
highlight that that the interdomain distance of the blend is much
larger than that of the corresponding neat bcp. This is also an
important cosurfactant effect. A good agreement was also
obtained in the terms of domain sizes (radius of PS cylinder,
PS lamellar thickness, Pl lamellar thickness, and radius of Pl
cylinders).

It is interesting to note that at OOT point the radius of the
cylinder becomes equal to the thickness of the lamella. At OOT
point, it is easy to obtain the relations between the radius of
thejth cylinder ®) and the thickness of thjéh lamellae ) as

o Ll2=nNa>+ (1 —n)Na’=ocR/2  (16)
wherej = PS or Pl andn, is the mole fraction of block
copolymera at OOT point. The interface area per chain does
not change at OOT point as shown in Figure 13, which gives
rise too. = oc and hencej = R; at OOT point.

On the basis of the condition that the radius of cylinder is
equal to the thickness of a lamella at OOT point, we have

DD, = (2ﬂ¢Ps,oo1[\/§)l/2 (17)

whereD¢ and D, are the interdomain distance of cylindrical

into accour_n th_e asymmetry in segme_ntal volume,_ for the degreeand lamellar microdomains, respectively, apgs ooris the
of polymerization, we used the modified values instead of the volume fraction of PS block chain. For example, at the transition

original valuesN,, (j = PS or Pl anck = o or f3), which is
given by
N = (”j/Uo)Nj,k (15)

wherevp = (vpep) 2, and we used the values afsandvp as
107.2 and 81.9 cimol, respectively. We used the value®f

point of PS lamella to PS cylinder, the theoretical value of
¢ps.ootis 0.33 as shown in Figure 12, and we haygD, =
1.09. This indicates that there is a gap between the domain
distance of cylindrical and lamellar microdomains at OOT point,
which is also consistent with the experimental observation.

C. Comparison of Theoretical Phase Behaviors between
Blends of BCPs and Neat BCPsIn Figure 14 we compare

= 0.3 (inkT units withk and T being the Boltzmann constant  theoretical results between neat bcps and blends of Pl-rich and
and absolute temperature, respectively) for the sake of conven-PS-rich bcps having the same molecular weighk(%0%) and
ience. All these parameters can be found experimentally, so thatdifferent volume fractions of PS block (0.2 and 0.8), as shown
there are no adjustable parameters. It should be noted that forin Table 3. Theoretical interdomain distances and domain sizes
neat bcps the strong segregation limit (SSL) is only available for the blends are shown by solid lines, while those for neat
in the case wheryN > 10, which is a rough limit for SSL  bcps are shown by broken lines. We find the following
behavior. Herey and N are the Flory-Huggins segmental  cosurfactant effects for the blends: First, the composition range
interaction parameter and DP of bcp, respectively. There arefor cylinders expands but that for lamella narrows; second, the
many studies on the estimationpparameter between PS and interdomain distance expands, and the gap of the distance at
Pl based on P8-PI copolymers with the relation gs= A, + OOT correspondingly expands. The cosurfactant effect also
B,/T.32 Here A, and B, are constants. At our experimental expands the domain size.

temperature, 403 K, the value gfis in the range 0.070.12.
Therefore, we can estimate the valueg/dffor the two bcps

in the range 28.481.4, indicating the system is in intermediate

IV.3. Remarks on Cosurfactant Effects for Double-Gyroid
Morphology. We anticipated the blending of the two bcps
having the complementary compositions may expand the

segregation regime. From SSL, the interfacial tension can be composition range for double-gyroid morphology. This is simply

calculated by the relatior® = p(y/6)2, wherep is the stiffness
parameter of the polymer chain. For BS2l, we can estimate
the values of® is in the range 0.130.17, which is slightly
larger than that we used.

B. Comparison between Experimental and Theoretical

because a curvature distribution inherent in the gyroid may be
stabilized by localization of bcpa and 5 having a different

composition in relatively large and small cross-sectional areas
of the network, as schematically shown in Figure 15. However,
our experimental results do not tend to support this expectation.

Results.Figure 12 compares the experimental and theoretical We found that the cosurfactant effect does hardly change the
results on interdomain distance and domain size as a functioncomposition range of double gyroid. The SAXS and TEM

of total volume fraction of PS. The experimental data are shown studies for the blends exhibited the hex cylinder of PS up to
by the symbol marks, and theoretical data are shown by solid the volume fraction of PS equal to 0.36 and lamellar morphology
curves. The curves on the left side of the vertical line (a) and for the volume fraction of PS equal to or larger than 0.39 (see
(unfilled and filled) circles are for PS cylinder, the curves in Figures 9 and 12). Therefore, if there are gyroids in between
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Figure 12. Comparison of the experimental and theoretical results on interdomain distance and domain size as a function of total volume fraction
of PS. The experimental data for interdomain distance are shown by the symbol marks (unfilled circles, squares, and triangles for PS cylinder,
alternating lamella, and PI cylinder, respectively) and those for domain size by symbol marks (filled circles, squares, and triangles for?S cylinde
alternating lamella, and PI cylinder, respectively), while theoretical data are shown by solid curves for both interdomain distance and domain size
(PS radius, Pl and PS lamellar thickness, and PI radius). The vertical lines (a) and (b) are theoretical boundaries among PS cylinder in Pl matrix,
alternating lamella, and PI cylinder in PS matrix.

NE 5.0F T T T T =
£
o\ = - =, O PS-Cylind e
é 451 —a Lamefla" i 1 g 50 50
E ----- =+, O PI-Cylinder © o
o fl-:’ g
s | el 2 s
o o o) p= C_:
i 3.5 _ g 30 -30 B
& )
[<]
£ S E
‘g 3.0k 1 1 1 1 . o 2 ] 20
- 0.2 0.3 0.4 0.5 0.6 0.7 £ Pl Radius
Total Volume Fraction of PS ~ '
S ' - R o [

Figure 13. Comparison of the experimental and theoretical results on 0.2 03 0'4 0'5 Y ;7 0.8
interface area per chain as a function of total volume fraction of PS. ’ ’ ’ . ) ’ ’

The experimental data are shown by the symbol marks (unfilled squares, Total Volume Fraction of PS o
triangles, and circles for PS cylinder, alternating lamella, and Pl Figure 14. Comparison between the theoretical interdomain distances

cylinder, respectively), while theoretical data are shown by broken, and domain sizes of a neat bcp (broken lines) and a blend of Pl-rich
solid, and dotted curves, respectively. and PS-rich bcps (solid lines) having the same molecular weight but
different volume fractions of PS block. (a) and (b) are boundarys among

th it th iti . v 0.03 at PS cylinder in PI matrix and alternating lamellae and PI cylinder in
ese compositions, the composition range 1S only U.Us al @ pg matrix for the blend of the beps, while)and (1) are those for

maximum. This composition range is almost identical to that neat bep.

of neat bcp (0.02), although the absolute valuepef for the

gyroid is shifted toward a large value due to the cosurfactant effect on gyroid morphology. It may be interesting to extend

effect. It seem that the localized distribution of bcp chains  the studies of cosurfactant effects to binary mixtures of the

andf does not appear to offer a plausible model. gyroid-forming bcps having a complementary composition and
Our result appears to lead us to look at the cosurfactant effectalmost the same molecular weights.

from a different view point as follows. The gyroid phase may IV.4. Perspectives.The cosurfactant effects investigated in

be considered to exist as a consequence of a compromisehis work revealed an enlarged composition range for cylinders

between the constant-curvature structure and the constant-and tend to decouple composition of bcps and morphology. This

thickness structure: the gyroid structure itself is neither a is because for the neat bcp, hex cylinder forti?BF copolymer

constant-curvature nor a constant-thickness structure. The co-exists in the composition range between 0.2 and 0.3, so that

surfactant effect favors constant-curvature structures and therebythe morphology is closely coupled with the composition.

may be negligible on the gyroid phase. However, the cosurfactant effects can vary the composition for
We observed the PI gyroid for the mixture havipgs= 0.54. hex cylinders. It may be possible to obtain hex cylinders having

Except this composition, a relatively large composition range an extremely large volume fraction of cylinder.

between lamellaegps = 0.48) and PI cylinderdps = 0.60) On the basis of the BZL theory, we can predict that the PS

was left unexplored. A more precise exploration of morphologies cylinder is more stable than lamella for the cylinder volume
vs composition is needed in this composition range as a future fraction up to 0.64, for a special case when the ratio of molecular
work before making a definite conclusion on the cosurfactant weights of the two bcps = 10, the long bcpo has the PS
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separation occurs prior to the macrophase separation, which is
followed by vitrification due to formation of glassy PS domains.

V. Conclusion

In this work we studied the blends of bcps which form PS
cylinders in Pl matrix and PI cylinders in PS matrix. Transmis-
sion electron microscopy and small-angle X-ray scattering were
used to characterize the phase behavior and domain spacing
and size of the domains. The results of all 16 blend specimens
investigated show a single microdomain morphology which
depends on blend compositions, implying that the two bcps are
. miscible at the molecular level and seemingly sharing the

Pl gyroid common microdomain interfaces, because of a high segregation
Figure 15. Schematic illustration of Pl gyroid in PS matrix with the ~ condition employed in this work. First, we found an expanding
localization of bepsi rich in Pl and bepg rich in PS at the interface composition range for hexagonally packed cylindrical morphol-
to fit a curvature distribution inherent in double gyroid. ogy and a narrowed composition range for lamella relative to

Table 3. Characteristics of Diblock Copolymer Used in Theoretical the behavior of neat Sl beps. The result indicates tha_t the effects
Calculation help bcp to take a spontaneous curvature. Second, it was found
code M, x 104 fos that the effect's enlarged the dqmain size apd spacing relative
S rich 5o 02 to corresponding neat bcps. This is also an important cosurfac-
P tich 20 03 tant effect. Those results were compared with the BZL theory,
' ' which is proposed to predict strongly segregated binary bcp
- PS V| mixtures by Birshtein and co-workers. We found good agree-
Volume Fraction of f B—en ments between experimental and theoretical results in terms of

0.0 0.2 0.4 0.6 0.8 1.0

by , : (i) domain size, (i) interdomain distance, and (iii) the blending

compositions where morphological transitions occur.

i
i PS cylinder , '
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—— Pl cylinder | Pl- matrix
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