Macromolecule2007,40, 4023-4027 4023

Composition-Dependent Morphological Transition of
Hierarchically-Ordered Structures Formed by Multiblock Terpolymers

Jun Masuda,’ Atsushi Takano," Jiro Suzuki,* Yutaka Nagata,’¢ Atsushi Noro,"
Kennichi Hayashida,' and Yushu Matsushita*’

Department of Applied Chemistry, Graduate School of Engineering, Nagoyaetdity, Furo-cho,
Chikusa-ku, Nagoya 464-8603, Japan, The Computing Research Center, High Energy Accelerator
Research Organization, 1-1 Oho, Tsukuba 305-0801, Japan

Receied January 19, 2007; Resed Manuscript Receeéd March 10, 2007

ABSTRACT: Morphological transition of two types of multiblock terpolymers with composition has been
investigated. One is undecablock terpolymers of the PISISISISIP type, while the other is hexablock terpolymers
of the PISISI type, where P, |, and S denote poly(2-vinylpyridine), polyisoprene, and polystyrene, respectively.
These polymer samples were prepared on the basis of anionic polymerization method. The volume fractions of
P, #p, of the former are 0.08, 0.21, 0.53, whereas those of the latter are 0.64, 0.75, and 0.87. Nanophase-separated
structures were observed by TEM and SAXS, and it was confirmed that their hierarchical morphology transforms
from spheres-in-lamellae structure into cylinders-in-lamellae, lamellae-in-lamella, and coaxial cylinderical structures
and finally into onionlike spherical structure with increasing volume fraction of the P component. From these
results, it has been found that morphological transition of multiblock terpolymers takes place obeying conventional
rule, i.e., the domain shape of P component varies as spbglirder-lamella-matrix agp increases with keeping
hierarchical lamellar structure from | and S.

. Introduction hydrogen bonding®3'However, the directions of the different

Nanophase-separated structures of block copolymers haveperiqdicities in hierarphical lamellar structures observed in these
been extensively studied both theoretically and experimentally Studies are perpendicular each other.
for this last four decades. Among the polymers with various  The materials with two quite different periodicities along
architectures, AB diblock copolymers have been most frequently the same direction can be conceived to be a useful photonic
investigated and structural features have been clarified mostcrystal3? Nagata et al. prepared and characterized a styrere (S)
precisely so far. For example, they tend to change their isoprene (I) undecablock copolymer having long S chains on
morphologies depending on volume fractions of component two ends with nonablock copolymer of the (JB)ype at the
polymers!-? their periodic domain sizes increase with the center3? It was confirmed this undecablock copolymer forms a
molecular weight of the constituent polymérsand furthermore three-layered lamellae-in-lamella structure, i.e., a hierarchical
their morphological transition takes place depending on envi- lamellar structure, composed of one thick lamellar domain
ronmental conditions such as temperature and pressure and séormed by two long S chains and-5—I three thin lamellar
on56 domains. Recently, simulations for complex multiblock copoly-

Morphologies of more complex systems were studied in turn. mers were performed by ten Brinke and co-workéts3¢ and
Among them, many equilibrium structures were observed for various structures were predicted depending on molecular
ABC ftriblock terpolymers having various compositiéfisnd parameters defined and FlerHuggins interaction parameter
block chain length&°while theoretical works predicted various  between component polymers. Furthermore, bulk structure of
stable structures under given conditidf$? The other various  undecablock terpolymer having long poly(2-vinylpridine) (P)

complex systems, such as ABA triblock copolym&&314AB, chains on two ends with (I9) nonablock copolymer at the
graft copolymers? 1516 star-shaped molecules of the (AB)  center was observed most recerffrgnd “five-layered” lamel-
type;!”18 (AB), multiblock copolymer systemi$, 2> AB ring- lae-in-lamella structure composed of one thick P lamella and
shaped copolymef8;2*and ABC star-shaped terpolymeéfs26 |—S—1—S—1 five thin lamellae was reported. In addition the
were also widely studied. long-range ordering of the five-layered lamellar structure is very

Recently the researches on hierarchical structures with high because of two competing interactions over different length
mesoscopic and multiple length scales have been focusedscales.

Polymeric materials with double periodicity were introduced
by ten Brinke et al?/~2° while Asari et al. found the hierarchical

lamellar structures with two different periodicities for complex
AB or ABA and CD block copolymer blend systems with

Composition dependence on three-phase hierarchical struc-
tures of multiblock terpolymers, particularly focusing on the
chain length of the third component, has never been explored
and it must be an interesting issue. This paper, therefore, has

. ) ) picked up this topic and observed three-phase complex structures
ph;r%?rfgf_%’;%”gg?:g&%: Fi;(":leg'i_%’g_s;'é‘gg""zpf&em'”agoya'“'ac'lp' Tele- for two series of multiblock terpolymers composed of I, S, and
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Table 1. Molecular Characteristics of Undecablock Terpolymers and
Those Precursors

sample My x 1074 Mu/Mg2 o< ¢d o
IS 414 1.06 063 037

3 hexa64 ISISI 7.7% 1.06 0.38 062

s ISISISI 10.2 1.07 055  0.45

c ©) @ () ® (@ precursors ISISISISI 14.4 1.07 042 058

< undecas 158 1.08 039 053 008
undeca21 189 1.05 034 045 021
undeca53 339 1.03 021 026 053

aDetermined by GPC (1 vol % TMEDA/THFY Determined by MALLS
¢ Calculated byM,, of the previous precursor and weight fraction estimated
T . . . T T T » T by H NMR ¢ Determined by"H NMR
0 12 14 16 18 20 22 24 26 28 30

tg (min) Table 2. Molecular Characteristics of Hexablock Terpolymers and
Figure 1. Comparison of GPC chromatograms of five precursors: (a) Those Precursors
I, (b) IS, (c) ISI, (d) ISIS and (e) ISISI, and hexa64. sample Mp x 1074 Mu/M,2 oL #d Bpf
Scheme 1. Preparation Scheme of ISP Hexablock Terpolymers ! 6.14 1.09
i styrene(S) IS 18.53 1.05 0.64 0.36
Isoprene(l) + Cumyl-K—— *,,C "L ISI 21.3 1.06 042  0.58
THF, -78 °C S . . ISIS 47.G 1.04 0.65 0.35
IR VAVAVA VNS ISISI 61.5 1.04 049 051
1. DPE Hexa64 190 1.02 0.16 0.20 0.64
2.DPE-Cl s A s Hexa75b 281 0.11 0.14 0.75
i \ -
NANDD Hexag7 548 1.02 006 007 087
HUVAVAVEN 2 Secﬂ."' VAVAVANT aDetermined by GPC (1 vol % TMEDA/THFY.Determined by*H

NMR. ¢ Calculated byM, of the previous precursor and weight fraction

2-vinylpyridine . estimated by*H NMR.

’/‘\l::polyisoprene(l) /\/:polystyrene(S) ":":.:»__.::poly(2-vinylpyridine)(P)

component. Table 1 shows the molecular characteristics of three
DPE : 1,1-diphenylethylene undecablock terpolymers and their common precursors. From Table
DPE-CI : 1-(3-chloropropyldimethylsilyl)-phenyl-1-phenylethylene 1, it is apparent that the volume percent of P component is

increasing from top to bottom, and these results ensure that three

complementally, and the morphological transition of three-phase ISP undecablock terpolymers having nine short block chains of S

hierarchical structures with the volume fraction of component 2nd I at the center of the molecules and two P block chains on
P has been reported. both ends have been prepared quite successfully as designed. Table

2 shows the molecular characteristics of two hexablock terpolymers
Il. Experimental Section together with their common precursors. It should be noted in this

) table hexa75b is the blend sample from the hexablock terpolymer

Preparation and Characterization of Terpolymers. Unde- and a P homopolymeiM,, = 29.1 K, M,,//M,, = 1.02).

cablock and hexablock terpolymers composed of poly(2-vinylpy-  Morphological Observation. Sample films for morphological
ridine) (P), polyisoprene (1), and polystyrene (S) were prepared and observation were prepared by solvent casting from dilute solution
used. The details of synthesis of an undecablock terpolymer wereof THF; the experimental details were described in a previous
denoted in a previous woK.Two hexablock terpolymers were  work.3® As-cast films were dried well in a vacuum oven, followed
synthesized by sequential anionic polymerizations of isoprene andby annealing at 150C for 6 days.
styrene resulting in producing a pentablock terpolymer of the ISISI  For transmission electron microscopy (TEM) experiments, the
type, followed by end capping with functional double bond leading ultrathin sections were cut off from film specimens by an ultra-
polymerization of 2-vinylprydine. The synthetic procedure of microtome, Reica Ultracut UCT, and a diamond knife. In order to
hexablock terpolymers is schematically shown in Scheme 1. Small enhance contrast, the ultrathin sections of sample films were stained
amount of solutions were isolated in the course of polymerization with osmium tetroxide (Osg) and/or iodine (3). It is known that
so as to keep the common precursors for characterization. Thewhen the ultrathin sections are stained with @s@d b, the I, S,
samples were purified by fractionation using a gel permeation and P domains give strong, light and intermediate contrasts,
chromatography (GPC) with SC-8020 of Tosoh Corp. at room respectively, in transmission electron micrographs, while the
temperature. Molecular weight distribution of the purified products contrast for P domain is enhanced 4fdnly is used as a staining
was also estimated by GPC system, HLC-8020 of Tosoh Corp. atagent. The TEM instrument used was HITACHI H-800, operated
40 °C, and all runs for GPC measurements were made in THF under the acceralation voltage of 100 kV.
containing 1%\,N,N',N'-tetramethylethylenediamine (TMEDA) as Small-angle X-ray scattering (SAXS) measurements were per-
an eluent. Figure 1 compares GPC chromatograms of a hexablockformed to observe nanophase-separated structures, compensatively.
terpolymer and those of their precursors as an example. It is The instrument used was the apparatus installed in the beamline
evidently recognized that all the precursors and the final block 15A at the Photon Factory in Tsukuba equipped with an X-ray
terpolymer are monodisperse reflecting successful anionic poly- imaging plate. The camera length(mm), and the wavelength of
merizations followed by careful purification by GPC. All the other the X-ray beam4 (nm), were ca. 2.3 m and 0.150 nm. X-ray beam
samples were confirmed to be monodisperse polymers though theirwas irradiated from the edge direction, where incidents X-ray are
chromatograms are not shown here. Chemical compositions of parallel to the film surface. Another SAXS measurement using a
samples were measured by 500 MHt NMR, Varian INOVA. microbeam SAXS apparatus was performed to observe nanophase-
Molecular weights of ISP undecablock and hexablock terpolymers separated structure in local area using the instrument installed at
were estimated by using the weight fractions of polystyrene and the high flux beamline BL40XU at SPring-8 facility in Hyogo
polyisoprene in terpolymers determinediNMR and molecular equipped with a helical undulator. The camera length and the
weights of the precursors. The sample codes, i.e., uxdaca wavelength of X-ray beam is ca. 3.0 m and 0.1181 nm, respectively.
hexaX are used to express two series, where undeca and hexa denot&he details of the microbeam SAXS measurements were described
the numbers of block chains addrepresents volume percent of P in a previous work® For microbeam SAXS measurements, the
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Figure 3. (a) Microbeam SAXS pattern and (b) the corresponding
transmission electron micrograph for much narrower domain area of
undeca2l.

100 n
Figure 2. Transmission electron micrographs of undeca8 (a, b),

undeca?1 (c, d), and undeca53 (e). Ultrathin sections were stained with
I, (a and c) and Osand & (b, d, and e).

a) b)

sample films were cut into thin sections with ca./8@ thicknesses
by the ultramicrotome.

Ill. Results and Discussion

The precursors for undecablock terpolymers were confirmed 200 nm 200 nm 200 nm
to show lamellar structures except the triblock copolymer, which Figure 4. Transmission electron micrographs of hexablock terpoly-
exhibits a bicontinuous structure (see the Supporting Informa- mers: (a) hexa64, (b) hexa75b, and (c) hexa88. Ultrathin sections were
tion). The domain spacing of the nonablock copolymer, i.e., Stained with Os@and b.
the longest precursor, was determined to be 16.9 nm. the transmission electron micrograph is ca. 16 nm, the value is

Figure 2 shows transmission electron micrographs of three again equivalent to that of the nonablock copolymer. Conse-
undecablock terpolymers. From Figure 2, parts a and b, it is quently, undeca21 is confirmed to form oblique packed cylinders-
evident that undeca8 forms spheres-in-lamellae structure within-lamellae structure with hierarchical double periodicity. And
spheres of P component embedded in matrix of multilayered because of oblique packing of P cylinders, matrix of | and S is
S—I lamellae. However the ordering of sphere is very low split into three and five layers.
probably because of strong and frustrated strain of S and | chains In turn experimental results for hexablock terpolymers are
as matrix. The domain spacing of the layered matrix of S and described in the following several paragraphs. Bulk structures
| is estimated to be ca. 17 nm from the transmission electron of solvent-cast and annealed films of precursors were observed
micrograph in Figure 2b, and its value is close to that of the by TEM and SAXS methods (see the Supporting Information),
nonablock copolymer. From Figure 2¢ for undeca21 stained with and it was confirmed that diblock and quarter block copolymer
l,, P component forms ordered cylindrical structure ilS precursors show bicontinuous structures, while triblock and
matrix. Furthermore, as is clearly seen in Figure 2d, the matrix pentablock ones exhibit lamellar ones. The domain spacing of
is finely phase separated into thinner five layers composed of S—I layers for pentablock, was determined as 18.0 nm.
I and S aligned alternatively. Thus, it is confirmed undeca2l  Figure 4 compares transmission electron micrographs of three
forms cylinders-in-lamellae structure with hexagonally aligned hexablock terpolymers. From Figure 4a, it is apparent that
cylinders of P component in matrix of five-layeree-Bamellae. hexa64 forms lamellae-in-lamella structure which is composed
As was reported previousff, undeca53 shows lamellae-in-  of one thick P lamella and three thir-8—I lamellae. Consider-
lamella structure consisting of one thick P lamella and five thin ing that undeca53 forms five-layered structure, it is evident that
I—S—I—S—I lamellae as in shown in Figure 2e; it has two the difference in these structures is due to the difference in their
crystallographic periods, i.e., 88 and 16 nm. primary molecular structures. The number of ways of block

Microbeam SAXS was performed to observe more detailed chain distribution was counted using the same method as
nanophase-separated structure for local area of undeca21. Figuradopted in a previous wofk,and it was found that the relative
3a shows a microbeam SAXS pattern, where the white arrows fraction of the three-layered structure and the five-layered one
are the scattering vectorguo) andqoz), and the corresponding  formed by the hexablock terpolymer is 0.66 and 0.34; therefore,
two vectorsa and b in real space are superimposed on a the latter actually could be expelled by the former. Figure 5
transmission electron micrograph of undeca2l as shown inshow a SAXS profile of haxa64, where integer-ordered peaks
Figure 3b. In the SAXS pattern, spotlike reflections are can be clearly recognized up to the ninth order, reflecting a
observed, indicating that the X-ray beam size is small enough highly ordered lamellar structure with a longer repeating
to probe only a limited number of periodic cells ordered distance,D, of 93.5 nm. From Figure 4b, hexa75b forms
hexagonally in the sample film. From this SAXS pattéto)| hexagonally packed cylinders composed of | and S in matrix
and |qe1) were determined to be 0.102 and 0.124 Apand of P component, where | and S domains are phase-separated
hence thed-spacings, odgo) andds), are 61.6 and 50.7 nm.  concentrically into cylinders, so it can be called as coaxial
The angle between the two scattering vectors, @gbves the cylinderical structure. In addition hexa87 forms$ concentric
anglea, 115, between two real lattice vectors. The d-spacings spheres with four layers in matrix of P component as shown in
and the angley, in turn, give magnitudes of real lattice vectors, Figure 4c, where | and S components are mostly separated into
la] and|b|, i.e., 68.0 and 55.9 nm, respectively. Furthermore, 1—S—I core—shell structure; consequently, hexa87 forms an
the domain spacing of layered matrix of S and | estimated by onionlike spherical structure with low ordering.
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Figure 5. Small-angle X-ray scattering profile obtained from hexa64. la] = |b| =127 nm
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Figure 7. (a) Microbeam SAXS pattern and (b) the corresponding
schematic structure of hexa75b.
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Figure 6. (a) SAXS profile (solid curve) obtained for hexa75b. The Figure 8. Schematic summary of composition-dependent morphologi-
vertical bars represent the calculated intensities based on the coaxiakal transition of multiblock terpolymers of A(BEBA type and
cylinderical structure shown in part b, while a dashed curve denotes A(BC),B type. Three contrasts, i.e., gray, black, and white regions,
calculated “particle scattering” for four-circle coaxial cylinders com- correspond to A, B, and C domains, respectively.

posed of | and S. (b) Corresponding model for hexagonally packed
coaxial cylinders. S, |, and P domains appear as white, black, and gray,
and their electron density values are 0.565, 0.515, and 0.607 mol .
electron/crd respectively. In matrix.

Undecablock terpolymers and hexablock ones can be regarded

Figure 6a shows a regular SAXS intensity curve for hexa75b, to show essentially the same structural feature from the
where several peaks are observed at the relative magnitude ofriewpoint of forming nanophase-separated structure, referring
the scattering vectors of 113 712, 912 1912 etc. These values  to the similarity between ABA triblock and AB diblock
are typical reflection series from a hexagonally packed cylin- copolymers. Therefore, morphological transition of hierarchical
derical structure, though several peaks are overlapped since thetructures was commonly explained for undecablock and
angular resolution was not satisfactory. The cylinder-to-cylinder hexablock terpolymers. An undecablock terpolymer of the
distance,D., can be estimated to be 125 nm by using the P(ISuIP type exhibits spheres-in-lamellae structure when P
relationship,D. = (4/3}Y2 2x/|q10] known for hexagonally occupies 8% and terpolymers of the same type show cylinders-
packed cylinders wherfgo/, 0.0573 nm?, denotes the mag-  in-lamellae, lamellae-in-lamella structures if volume percent of
nitude of the scattering vector for the first peak. Figure 6b P component are 21% and 53%. In turn, hexablock terpolymers
exhibits the electron density profile for the cross section of the with P of 64%, 75%, and 87% represents a lamellae-in-lamella
coaxial cylinderical structure assuming four-circle coaxial structure, coaxial cylinders in matrix, and an onionlike spherical
cylinders. At the bottom of Figure 6a the calculated relative structure in matrix, respectively. To summarize these results,
diffracted intensities based on the unit cell in Figure 6b are Figure 8 schematically shows phase behavior for multiblock
exhibited, where electron densities for I, S, P are 0.515, 0.565, terpolymers of A(BC)BA and A(BC)B type. If we focus on
0.607 mol electron/céy respectively. The calculated ones are A(gray) domain, it transforms from sphere into cylinder, lamella
again consistent with the observed relative intensity heights. In and finally into matrix with increasing the fraction of A
Figure 6a, the calculated “particle scattering” intensity for four- component, while domains of-BC mixed phase transform from
circle cylinders is shown as a dashed curve, where the outermatrix into lamella, cylinder and sphere with keep possessing
diameter of cylinders determined By, 31 nm, was used. From alternating layered structure. Thus, the morphological transition
this curve, the diffracted intensities aff of 42 and 16/ are manner of hierarchical structures formed by multiblock ter-
expected to be vanished, and it is quite consistent with the polymers is essentially analogous to the transition of AB and
measured SAXS profile. Furthermore, Figure 7a demonstratesABA block copolymers.
a microbeam SAXS pattern of hexa75b and the schematic In summary, the morphological features for two types of
drawing of the corresponding structure is in Figure 7b. The multiblock terpolymers, i.e., P(I9P and P(IS)l were inves-
SAXS pattern reveals a 6-fold symmetry, which is consistent tigated. Undecablock terpolymers with lower volume fractions
with the hexagonally packed cylinders. Ttespacing and the  of P component and hexablock terpolymers with higher volume
lattice constants for this hexagonal lattice were determined in fractions of P have been successfully prepared and used. From
the same manner as for undeca21, and they are as follqygs: d morphological observation by using TEM and SAXS methods,
= do1) = 110 nm,|a] = |b| = 127 nm,a. = 12C°. |a| and|b| it has been found these terpolymers form new hierarchical
correspond t®. and the obtained value is quite consistent with nanophase-separated structures, i.e., spheres-in-lamellae, cylinders-
the one, 125 nm, from regular SAXS. These facts in the in-lamellae, and lamellae-in-lamella structures, hexagonally
reciprocal lattice space are strong evidence to confirm the packed coaxial cylinders in matrix, and an onionlike spherical

hierarchical structure with hexagonally packed coaxial cylinders



Macromolecules, Vol. 40, No. 11, 2007 Morphological Transition of Hierarchical Structureg027

structure. If attention is paid on the domain shape of P (9) Mogi, Y.; et al. Macromoleculesl993 26, 5169.

component, it transforms from spheres to cylinders, to lamellae, 8(1’; M:&Zgzwg" J_JCE?;V% asccri(-)'mpo"’l‘gc532%5’3?'21662%03
and finally to matrix with increasing its volume fraction. Thus, (15) matsen, M. W.J. Chem. Phys1998 108 785. '

we have found that morphological transition takes place obeying (13) Avgeropoulos, A.; et aMacromolecules1997, 30, 5634.

the conventional rule applied for AB and ABA block copoly- ggg noro, A et alMacromolecule004 ?f?§39%()34é6 5812
. : : f adjicnristidais, N.; et alivlacromolecule ) .
mers with keeping hierarchical nature. (16) Matsushita, Y ; et aPolymer1997, 38, 149.
] (17) Alward, D. B.; et alMacromolecules1986 19, 215.
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