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ABSTRACT: The phase behavior of ABC triblock copolymer melts is studied by self-consistent-field theory
(SCFT). We focus on “nonfrustrated” triblocks, in which the Fleiuggins interaction parametggc between

the end blocks is significantly larger than that between the middle and either end blocksd.ex,yas ~ ¥sc-

Such systems tend to form ordered structures with no AC interface. Complete phase triangles at fixed values of
the productsy;N are presented for a model wifas = xsc < xac and for a model with parameters chosen to
represent poly(isoprenestyreneb-ethylene oxide) copolymers that have recently been studied experimentally.
Particular attention is paid to the structure of the orthorhoriffmetwork phase and the reasons for its existence

as well as to the sensitivity of the predicted phase behavior to changes jnpdmameters.

1. Introduction tend to exhibit novel decorated phases, such as spheres on
spheres, spheres on cylinders, rings on cylinders, and cylinders
in lamellae. The morphologies observed in these systems
minimize the area of A/B and B/C interfaces by isolating the B
domains into spheres, cylinders, or rings, at the expense of the

SCFT provides a particularly simple description of the phase
behavior of AB diblock copolymer melts. It predicts that the
phase behavior of any neat AB diblock copolymer depends only

tjhpor::lthe Vg'“m.e fractiof oftthe Ag'?ﬁk’ trr:e. prloducjgN OL formation of larger areas of A/C interface. Many systems in
e Flory-Hugginsy parameter and the chain length an this class have now been characterized: poly(styteatyl-

(in general) the ratio of statistical segment lengths. In contrast,
- A propyleneb-methyl methacrylate) (PSPEP-PMMA) by Sta-
ABC triblock copolymer phase behavior is governed by no dler and co-workefs® and by Abetz and co-workefspoly-

fewer than five parameters, even if we neglect differences in (styreneb-butadienes-methyl methacrylate) (PSPB—PMMA)
statistical segment lengths: two independent volume fractions, by Stadler and co-workefsé89and poly(styrend-butadiene-

fa andfs, and the productgasN, yacN, andyecN of the chain " 12 tone) (PSPB—PCL) by Balsamo and co-workets.
length with three different FloryHuggins parameters. It will Systems with no frustration, ¢ systems, in whichyac is

bzrlz;nrr?cgtsesrlts)leatcoeei)r(\h:urig\rﬁlgrsz::gl? itg?ii'ﬁ;? Eg:gtslé?e:jh;ithe largest of the three interaction parameters, form structures
,FA)\B diblocksp and much more diffic?ult i0 aras unﬁ/ersal ith no A/C interface. Among such structures are easkell
grasp versions of those observed in diblocks, including eeskell

principles of phase behavior in ABC triblocks. spheres, cylinders, gyroid, and lamellae, and alternating versions
As a step toward taming this complexity, Baitesuggested  of the sphere, cylinder, and gyroid phases, in which the A and
a division of triblock copolymer melts into three categories C domains form alternating equivalent sublattices within a B
according to the relative magnitude ghc, the interaction  matrix. In addition, such systems have been observed to form
between the end blocks, compared to thayqf andysc, the two orthorhombic network phases (with space groegddand
interaction between neighboring blocks. (We may always choose pnng that are not analogous to any of the four well-established
monomer labels such thatc = yas, as a matter of convention.)  equilibrium phases of diblock copolymers. Systems of this class
The three types correspond to systems in whigiis bigger  that have been characterized experimentally include poly-
than, smaller than, and intermediate betwggnandygc. The (butadieneb-styreneb-vinylpyridine) (PB-PS-PVP) and poly-
three types of systems are distinguished by the cost of A/C (methyl methacrylaté-styreneb-butadiene) (PMMA-PS-PB)
interfacial contact. Because A/C contacts are not imposed by by Abetz and co-worker&!2 poly(isoprenes-styreneb-vi-
the connectivity of the linear ABC molecule, A/C interfaces nylpyridine) (P-PS-PVP) by Matsushita and co-workefs 15
form Only when they are energetically faVored, whereas A/B and po|y(isopren@_styreneb_ethy|ene oxide) (P—}-PS—PEO)
and B/C interfaces are required by the molecular architecture. by Bailey, Epps, Bates, and co-workéfs!8
Bailey referred to systems in which A/C interactions are less Systems with type | frustration, in which the interaction
thermodynamically expensive than A/B or B/C interactions as petween end blocks is of intermediate strength, span a range of
frustrated! Bailey denoted systems in which the A/C interaction stryctures between those observedFh systems and those
is less costly than either of the other interactions, sothat< observed inF® systems. Observed phases include alternating
xa8 < xsc, as F? systems, which are said to have type Il gpheres on a BCC lattice, as observed in a CsCl crystak-core
frustration. Systems in whicpac is intermediate between the  she|| gyroid, core-shell cylinders, perforated-lamellar, and
other interaction parameters, i.gas < yac < xsc, are denoted  pijjjared-lamellar. Studied systems include poly(styrérise-
F! systems and are said to have type | frustration. When the preneb-ethylene oxide) (PSPI-PO) by Bailey et al?, poly-
A/C interaction is more expensive than either A/B or B/C (styreneb-butadienes-vinylpyridine) (PS-PB—PVP) by Abetz
interactions, the system is &4 system and is said to have no  gpq co-workerd119 poly(styreneb-isopreneb-vinylpyridine)
frustration. (PS-PI-PVP) by Matsushita et ai% and poly(isoprend-
Systems with type Il frustration, in which the interaction styreneb-dimethylsiloxane) (P+PS-PDMS) by Shefelbine et
between end blocks is the smallest of the three interactions,al2!
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0.00, | o9 Kawasaki®?7 to describe diblock copolymer melts. Nakazawa
and Ohta considered the competition between lamellar, alternat-
i ing spheres (i.e., CsCl), alternating cylinders, and a somewhat
§ . crude approximation for an alternating diamond network, in
& % systems withfa = fc andyas = yac. These authors were the
f - i g/%‘\ first to show that the preferred packing of alternating A and C
éo 3%, cylinders in an ABC triblock melt with immiscible A and C
0.75 h 025% blocks corresponds to a square unit cell, with A cylinders at
' the origin and C cylinders at the center, rather than to a
/\/ 2 hexagonal packing. Zheng and Wang conducted a broader
1.00, \ 2 ; ) 0.00 survey of the phase behavior of ABC triblocks. They constructed
0.00 0.25 0.50 0.75 1.00

coarse phase maps as functions of compositions for six sets of
i i i 1 2

Figure 1. Partial phase map of poly(isoprebestyreneb-ethylene XI parametelzr_sl, Includl_r;g _reprislentatl\(/fs of mﬁF ! andIF I

oxide), or 1SO, in the vicinity of the ordemlisorder transition for ~ C/&SS€s, while consiaering candidate phases (lamellae,

temperatures ranging from 100 to 225. The observed phases include  cylinders, spheres, alternating spheres, and several decorated

2- and 3-domain lamella¢.}, gyroid (G), orthorhombic network®™), phases) but no network phases. Stadler étaaid Phan and

and alternating gyroid@). The open dots represent the different reqricksoR? have considered other forms of strong segregation
polymers that were synthesized and characterized to locate the phas?h d both al dicted it Il for th
boundaries. The solid lines is added for guidance. The hatched N€OMY, and both also predicted a square unit cell 1or the

domain denotes a window in which an orderder transition from alternating cylinder phase.
70 A\ i i . . .
Epptsoe(t;alyylth increasing temperature was observed. Adapted from The only previous systematic numerical SCFT study of ABC
' triblock melts that allowed for three-dimensionally periodic

In the remainder of this paper, we focus on “nonfrustrated” Structures, prior to a brief report of the work discussed Rere,
or F systems. Two systems of this type have been particularly Was a study by Matséhof symmetric triblocks witly = yae
extensively studied: PIPS-PVP by Mogi, Matsushita, and = xec andfa = fc. Matsen provided detailed calculations for
co-worker$® 15 and PHPS-PEO by Bailey, Epps, Bates, and  Systems withyac = x with yN = 0—80 and foryN = 50 with
co-workersté-18 Mogi, Matsushita, and co-workers systemati- xac/y = 0.0-2.0. He did not consider any decorated phases
cally explored the phase map of a set of PIS-PVP triblocks ~ but did consider gyroid, alternating gyroid, and alternating
with fa = fc. They observed morphological transitions from diamond networks as well as lamellar, alternating sphere, and
lamellae to alternating gyroid, alternating cylinders, and alternat- alternating cylinder phases. Matsen's work was motivated in
ing spheres, with increasirfg. Bailey, Epps, Chatterjee, Bates, ~part by experimental work by Matsushita and co-worker$
and co-worker$-18 have systematically explored the parameter on PPS-PVP copolymers with equal volume fractions of PI
space of system PIPS-PEQ, which is referred to hereafter as and PVP. This theoretical study lead to the proper identification
ISO. By using a P+PS diblock as a macroinitiator, they of the alternating-gyroid phase in these experiments, which
synthesized several sequences of ISO triblock copolymers withMatsushita et al. had initially misidentified as a triply continuous
a fixed ratio offa to fg and with increasindc. They identified (or alternating) diamond phase.

Fhree netyvork phases: a cershell gyrc_)id network, an alternat-_ Two groupd®-32 have also reported ABC triblock copolymer
ing gyroid network, and a newly discovered, orthorhombic, phase diagrams constructed by numerically solving the SCFT
birefringent network with space grodggldd (number 70). This  gqations in two dimensions. Several lamellar and cylindrical
orthorhombic phase, which was initially observed alongfihe  hhases were found to be stable, including both alternating and

— H — 70
= fg isopleth fromfc = 0.12-0.26, denotedO™ can be o6 shell cylinder phases, two and three domain lamellar
visualized as a network of 3-fold connectors with a local phases, and various decorated lamellar phases.

structure similar to that found in the cershell gyroid phase . ) )

but arranged on an orthorhombic unit cell. The phase is directly Erukhimovich has cor;iaructed a weak-segregation (WS)
accessible from the disordered phase upon cooling. The worktheory for ABC triblocks’*** analogous to Leiblers weak-

of Epps et al’ demonstrated that the phase occupies a segregation theory of diblock copolymer melts. Erukhimovich’s
substantial region of the ISO phase triangle near the erder theory, like Leibler’s, is rigorously valid only near a critical
disorder transition. Their partial phase triangle is reproduced POINt at which the orderdisorder transition is continuous.
in Figure 1. It contains lamellae and the three distinct network Erukhimovich showed how the location of critical points within

phases. A more complete phase map for this system was recentif€ composition triangle of an ABC system could be identified
published by Chatterjee et 4. by searching the spinodal surface for “critical lines”. Critical
Cochran and Baté3 have also identified a different non- lines are lines along which the third derivative of the free energy
equilibrium orthorhombic network structure in poly(cyclohex- with respect to the amplitude of the critical fluctuation mode
aneb-ethylethylenes-ethylene), or hydrogenated P8B—PI, vanishes. He noted that in thermodynamically symmetric
which is also anF° system. At equilibrium, a sample with ~ systems, withyas = yec and equal segment lengthg = bg =
volume fractionsfa = fc = 0.25 andfg = 0.50 was found to bc, the isoplettfa = fc is a critical line as a result of a symmetry
form anO° phase. Upon exposure to large-amplitude oscillatory With respect to relabeling of A and C monomers. Erukhimovich
shear, it is found to evolve into a distinct orthorhombic network, focused on systems in which the parameters satisfy the
also composed of 3-fold connectors, with space grBupa Hildebrandt (i.e., solubility parameter) approximation, in which
(number 52), denote®>2 %i O (0 — 6j)2, whered; is a solubility parameter for monomer
Several theoretical studies of linear ABC triblock copolymer i. He gave detailed numerical results for the phase diagram only
melts have relied on different approximate strong-segregation for unfrustrated symmetric systems, wijtke = ysc andyac =
theories®23-25 Both Nakazawa and Ohtaand Zheng and  4yag, for which there is always a potential critical point
Wang“ considered the strong-segregation limit of a density- somewhere along thé& = fc line. (We refer to this as a
functional theory similar to that developed by Ohta and “potential” critical point because the weak-segregation theory

S Volume Fraction
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Table 1. Candidate Phases Considered in the Calculation of the
SCFT Phase Maps, with the Hermann-Mauguin Symbol and Space
Group Number

Macromolecules, Vol. 40, No. 13, 2007

observed irF2 systems where the largest interactions are those
between neighboring A and B or B and C bloékBecause we
consider onlyF° systems, we do not expect this omission to

H'\t/lefman& space affect our results.
auguin rou . .
phase symgbo| n%mb‘;r description We have also briefly considered two novel phases proposed
, by Erukhimovich®* the BCG phase (space groum3m) and
D disordered melt — . L
L . lamellar the G, phase (space group43d). Erukhimovich's weak-
C pémm 17 (2d) hexagonally packed cylinders segregation theory predicts these phases to be stable in a two-
G la3d 230 double-gyroid network wavenumber approximation in both diblock and ABC triblock
I§La F')féenf?mc igg :b(-:s(t:a?:pkgererorate d lamellac melts34 but only for conditions that are sufficiently far from
b 63 » , - i .
Plope Ram 166 abestacked perforated f[he crltlc_al point that the validity of a Weak segregation theory
lamellae is questionable. The proposed B€ghase is a structure with
cA p2mm 6 (2d) alternating cylinders the same space group as the usual BCC phase, but in which the
S:‘ 14,32 214 alternating gyroid network strongest modulation of monomer concentration, corresponding
Pem 221 a'tS{::Jactt'S?eSphereS/CSC' to the primary peaks in scattering, occurs for {241} rather
Qe Fd3c 228 double-diamond network than the{110; family of reciprocal lattice vectors. We have
Q1 Fd3m 227 alternating diamond network successfully converged BGGtructures for diblock copolymer
02 Pnna 52 noncubic (10,33 network® melts by numerical SCFT in the region of parameter space in
(el Fddd 70 noncubic (10,3 networlés

which the two-wavenumber weak-segregation theory predicts
this phase to be stable but found that it is actually never the
phase of lowest free energy. We believe that the predicted
stability of this phase is a result of the use of weak-segregation
theory outside its range of validity, a possibility that Erukhi-
movich acknowledged! We have also attempted to construct
solutions with the proposed space grédgd of the G, solution,
which is a subgroup of thia3d space group of the gyroid phase.
We find that these solutions always converge to a gyroid
solution. We also find, however, that the phase relations among
plane waves given by Erukhimovich in his description of the

cannot exclude the possibility that a predicted continuous
transition could be preempted by a discontinuous transition.)
In the present work, numerical SCFT calculations are carried
out for ABC triblocks withyac > ysc & yac. Complete phase
map triangles are constructed for two models with fixed values
of the statistical segment lengths, theparameters, and total
degree of polymerizatioN, but variable copolymer composition.
The first is a symmetric system with equal statistical segment
lengths andyas = ysc. The second is a slightly asymmetric

system in which we use published values for the statistical G, phase are incompatible with space grddgd, suggesting
tl th the bi t iate to ISO. 2 - e ’
segment lengths and the bingrparameters appropriate to 1ISO that the space group was misidentified. We have thus not

In addition, the phase map of an idealized diblock copolymer . ) ;
is reexamined, V\F/)hile aIIowir:lg fdD’° phase in addition tort)ho);e included either BC or G, structures among the candidate

considered previously by Matsen and Schigk. phases in our phase diagram calculations.

The SCFT-modified diffusion equation for a single chain can
be solved either with a fully spectral method, as done by Matsen
The SCFT phase maps of triblock copolymer melts are and Schick® or with the pseudo-spectral method, which was

introduced in the context of polymer SCFT by Rasmussen and

determined by comparing the free energies of a large set of 9 | >
candidate phases that have been observed or hypothesized iff@l0sakas” Both methods have been used in this work and

diblock copolymers or similar ABC triblock systems. The free 9iV€ €duivalent results: we began the project with a fully
energy for each phase is minimized with respect to variations SPectral method similar to that of Matsen and Schick and

in the unit cell parameters with the variable-unit-cell algorithm IMPlemented a pseudo-spectral algorithm during the course of
reported by Tyler and Mors&.

the research. In both implementations, we impose a specified
Thirteen candidate phases are considered in our calculation,

2. Methodology

space group symmetry by expanding functions of position in
as listed in Table 1. The candidate phases include thoseterms of basis functions with the desired space group symmetry.
previously found to be stableL{ C, G, S for diblock Our implementation of the pseudo-spectral method combines
copolymersPLay, PLaye perforated lamellar structures, double the ‘time-stepping” algorithm of Rasmussen and Kaloskas with
diamond Q?29), and alternating versions of the sphef)( the Richardson extrapolation with respect to step size to achieve
cylinder (CA), gyroid G, and diamond @229 phases. In highe_r accuracy. In our implementations, the sp_ectral metho_d
addition, we include the two recently observed orthorhombic "emains faster than the pseudo-spectral method in crystals with
networks, 07 andO52 The label of each phase is adopted either & arge point group (e.g., the cubi and S phases) when a
from the literature on the phase behavior of diblock copolymers, Moderate number<(300) of symmetrized basis functions are
e.g.L, C, S or from the convention of the surfactant literature, equired, while the pseudo-spectral methgd becomes more
denoting the crystal system and space group number:@4., efficient in phases with less symmetry (e.97°) and when a

is an orthorhombic phase with space group number 70Q8%d larger number of basis functions are required to achieve the
is a cubic phase with space group 227. A superséiistused desired precision. In subsequent calculations on more strongly

to indicate an alternating phase with two topologically similar segreg_ated structures, we plan to use the pseudo-spectral method
sublattices of A and C. The alternating cylind@ phase in  €xclusively.
our calculation is based on a rectangular unit cell in which the
unit cell lengthsa and b can vary independently. This can
reproduce either a hexagonal packing, witk= V/3a, or the We first consider an idealized model of ABC triblock
alternating square packing, with= a, that other authors (see, copolymers with equal statistical segment lengths for all blocks
e.g., Matseff) have referred to as a “tetragonal” cylinder phase. and equal interaction strength between neighboring blocks, i.e.,
No decorated phases, such as rings on cylinders or sphereyas = xsc. We consider a set of systems with variable volume
in cylinders, have been considered. Such phases are primarilyfractions for each block but fixed interaction parameters of

3. ABC Triblocks with yag = xsc
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Figure 2. SCFT free energy of various candidate phases, relative to
that of the lamellar phase, along the= 0.16 isopleth in an idealized
triblock copolymer. The stable phases are, from left to rightQ",

G, C, andS The open circles foD’® andO°? denote limits of stability A
(see detailed discussion in text).

Figure 3. SCFT phase behavior of an idealized triblock copolymer
L. with equal statistical segment lengths for each block and yigN =
xreN = yscN = 13 and yacN = 35. This is a rough 35, xasN = yscN = 13. The phase map is symmetric acrossfthe
approximation to 1SO, with the important difference that, in fc isopleth, shown as a dashed line.
the idealized system, we neglect the small differences between
xae andygc. The PLapc hexagonal phase is not shown because it is found to

A two-dimensional phase map for each set of systems of converge to a structure identical to that obtained for @&/
variable composition has been constructed by calculating free alternating diamond phase. That is, the optimal unit cell that
energies of all the candidate phases along a set of lines ofwe obtain from a converged solution of the variable-unit-cell
constantfa, fg, or fc, while holding y parameters, segment algorithm for PLayc yield a structure that actually has the full
lengths, and overall degree of polymerization constant. An cubic symmetry of the diamon®?2” space group, which is
example of one such cut through the phase triangle is shown insupergroup of th&3m space group of thBLap Structure. The
Figure 2, where we show the free energy per molecule of eachsimplest analogue of this phenomenon would be if the optimal
candidate phase, relative to the free energy of the lamellar phasechoice of thea, b, andc unit cell lengths in a system upon
along a line of constarft = 0.16 for 0.45< fg < 0.60. The which we imposed an orthorhombic space group were found to
free energy of thePLy, phase is not shown because it is be equal, yielding a cubic crystal. Similarly, d  fa)/2 ~
substantially higher than that of the other candidate phases. The0.1, the optimal double diamond{?® and BCC §) phases
numerical errors for the free energy are much smaller than theare found to become equivalent.
thickness of the lines. Note the small absolute scale for the Figure 3 shows the full phase triangle obtained for this set
free energy difference: differences in free energies of closely of molecules, identifying compositions in which each phase is
competing phases (e.dg5 and 079 are often of order (16— stable. Figure 4 is a more detailed view of a complex region in
10 ?)ksT per polymer. Along this line through the phase the B-rich corner that contains the alternating gyrd&)(and
triangle, the phase sequence with increagirigL — O°— G alternating sphere{) phases. The phase triangle is symmetric
— C— S with the C—Sboundary near the right-hand edge of about the linefa = fc, shown as a dashed line, as a result of
the figure. our use of symmetric interaction parametesss = ysc. The

The O7% and O%2 orthorhombic network phases are found to only phases that are found to be stable somewhere within this
be mechanically stable over only limited ranges of parameters. phase triangle are those that were previously known to be stable
The open circles shown in Figure 2 denote limits of stability of in diblock copolymers (i.eD, S C, G, andL) and theG”, S,
these phase. Beyond these points, we are unable to find SCFTand theO’® network phases. For this set of parameters, we find
solutions in an equilibrium unit cell by continuation of stable no regions where any of the other candidate phases are stable.
solutions found at nearby parameters. To understand this The phase map is dominated by a large lamellar region, which
instability, we calculated the second derivatives of the free extends to the middle of each of the binary edges. Within this
energy with respect to the unit-cell paramet&rb, andc; i.e,, region, there is a continuous evolution from a “two-color”
we have calculated the derivatives of the stress, which are relatedstructure along each of the edges to a “three-color” structure
to the elastic moduli of the crystal. We find that these limits of near the middle of the phase triangle, in which A, B, and C
numerical stability occur at parameters for which one of the form well-segregated layers.
eigenvalues of the matri®F/30,00; approaches zero, whete The sphere, cylinder, and gyroid phases form continuous arcs
is one of the unit cell parameteaisb, or c. Thus, these numerical  across the A- and C-rich corners of the triangle, where one of
instabilities coincide with true mechanical instabilities. In the the end blocks is the majority component. In the A- and C-rich
O"% phase, the instability never occurs in a region whefgis corners, these are all cershell structures. In the A-rich corner,
the preferred structure. The instability is nearly doubly degener- each of these structures con&aC core surrounded by B shell
ate, with unstable eigenvectors that correspond approximatelyin a A matrix, with the reverse (A core/B shell/C matrix) in the
to extension along thb andc axes at constara. C-rich corner. The continuous arcs formed by the phases in the

Free energies for some candidate space groups are not showphase triangle reflect a continuous evolution in the volume
in Figure 2 because they are found to yield structures equivalentfractions of the core and shell blocks. For example, consider
to those obtained from other higher symmetry space groups.the evolution of structure along a path within the sphere phase
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Figure 4. Expanded view of the region of the phase map near the
critical point for the idealized triblock copolymeygAcN = 35, yag =
xecN = 13), for fa = 0.17-0.37,fs = 0.48-0.68, andfc = 0.15—
0.35. Dots denote the points at which we have calculated the phase
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stitial” domains into which C monomers must segregate may
be either disconnected pockets surrounding interstitial sites, as
occurs thesandC phases wheft is small, or they may evolve
into multiply connected domains, as occurs in theand O7°
phases for larger values &. In the S, C, G, andO’° phases,
however, the interstitial domains are all geometrically distinct
from the core domains. As a result, we find that the solutions
to the SCF equations that correspond to the conatrix—
interstitial structures found fdg > fa > fc, which have A core
domains, cannot be continuously evolved, by changing com-
position in small increments, into the corresponding structures
found in the regiorfg > fc > fa, which have C core domains
and A interstitial domains.

Near thefy = fc isopleth, we find alternating gyroid and
sphere phases, in addition to the disordered and lamellar phases.
In these alternating phases, unlike those discussed above, the
A and C domains are topologically similar and become identical
(aside from a relabeling of A and C monomers) along the line
fA = fc.

It was not initially clear to us whether tH@’° phase could
be considered an “alternating” phase, with topologically similar
A andC domains, in the same sense as the alternating gyroid
phase. We find, however, that ti° SCF solutions obtained
at fo = fc by continuously evolving the equilibrium structure

boundaries. The light dashed curve that is tangent to the order disorderfound forfc < fa is different from that obtained from continuing
transition at the critical point is the spinodal of the disordered phase, the solution found fofc > fa. Whenfa = fc, we thus obtain

calculated with the RPA.

in the A-rich corner, traversed from the AB edge, where the
structure contains B spheres in an A matrix, to the AC edge.
As a C block of increasing length is added to the end of the B,
a spherical “core” of C grows in the middle of each sphere,
while the volume fraction of the surrounding shell of B shrinks,
until a structure of C spheres in an A matrix is obtained at the
AC edge. An analogous change in the volume fractions of the
“core” and “shell” components occurs in the cylinder and gyroid
phases in both the A- and C-rich corners.

The phase behavior in the B-rich corner is more complicated.
Here, regions in which the sphere, cylinder, gyroid, &@d

phases are stable near the AB and CB edges are separated o

alternating sphere and alternating gyroid phases, which appeal
near the isopletf, = fc. Note that the regions on either side of
this isopleth in which al®’° phase is stable become wider, and
the regions of gyroid stability become narrower, asfihe fc

line is approached from either side.

two distinct O7° structures of the same free energy, both of
which have geometrically inequivalent A and C domains. We
also find that it is possible to obtain a third alternati@d®
solution in which the A and C domains actually are equivalent,
for which the structure is invariant under relabeling of A and C
and a shift by 1/2 unit cell along the direction. This
“alternating” Q70 structure is, however, never the minimum free
energy solution with-ddd space group symmetry.

Interestingly, we find that equilibriun®’° structure found
on the C-rich side of the B-rich cornefy(< fc < fg) canbe
continuously evolved into a metastakié network in the A-rich
corner. This structure, which has a core C-rich network domain,
stable in the A-rich corner for the parameters considered here
nly within a very small sliver betwee@ andL near the AB
edge, though it is nearly stable along much of @&elL phase
boundary. This C core network becomes stable throughout a
wide band of the phase map predicted for ISO in section 4.

In Figure 3, the regions in which th@7° phase is stable in

Consider the structural evolution within (for example) the the B-rich corner extend to the AB and CB edges. Because the

sphere phase along a path that starts from the AB edge, wherébhase map of an AB diblock with equal statistical segment

the structure is a lattice of A spheresa B matrix, toward the  lengths is symmetric abot = 1/2, there also exist very small

fo = fc isopleth. Along this patha C block is added to the end ~ regions ofO° stability on the A-rich side of the AB edge and

of the B matrix block, while the length of the A core block ©on the C-rich side of the CB edge. The predicted appearance of

decreases. Because a minority C block is added to the end of2 StableO” phase in weakly segregated diblock copolymers is

the matrix block along this path, C monomers must segregate discussed in more detail in section 5.

into C-rich pockets within the B matrix, rather than within the Figures 5-7 depict morphologies of equilibriu@, O, and

spherical A-rich domains. In both the sphere and cylinder phases,G* network phases in the regida < fa < fg along a line with

C tends to segregate near the interstitial sites. These are arrangefg = 0.55. In theG morphology shown in Figure 5 df =

on the face centers of the cubic lattice in the BCC sphere phase0.33,fg = 0.55, andc = 0.12, the C monomers are well mixed

and on a honeycomb lattice in the hexagonal cylinder phase.with B deep within the matrix, due to the smallness of bigth
The S C, G, andO"° phases that form in the regids < fa andygc. The concentratiotic is strongly depleted near the/8

< fg near the AB edge thus all have “core” domains of A in a interface, however, due to the large valueyat. This can be

matrix of B, within which C segregates preferentially into what seen from the similarity of isosurfaceg(r) = 0.5 andgg(r) +

we will refer to as “interstitial” domains. The distinction between ¢c(r) = 0.5, implying thatgc is small near this isosurface. In

“core” and “interstitial” domains is admittedly arbitrary when the O7° network shown in Figure 6, for whicfy = 0.27,fg =

both are minority domains. By convention, however, we will 0.55, andfc = 0.18, C is somewhat more strongly segregated

refer to the domains that resemble those of the correspondingwithin small C-rich pockets with the B matrix. In tf&* phase

diblock copolymer phases as the “core” domains. The “inter- shown in Figure 7 fofy = fc = 0.33,fg = 0.55, andc = 0.12,
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Figure 5. Isosurfaces fopa, ¢s, ande¢s + ¢c, from left to right, for an idealized triblock copolymer in tlé& phase withfa = 0.27,fg = 0.55,
andfc = 0.18. The isosurfaces are shown for a value of 0.50 for each of these volume fractions. The values of the volume fractions within the
isosurfaces indicate that B and C monomers are completely mixed deep within the matrix and that the A/B interface is quite diffuse.

0.50 0.60 0.70 0.80 0.50 0.55 0.60 0.65 0.70

0,+0.3 0, ¢C

Figure 6. Isosurfaces fopa, ¢s, and¢c + 0.3, from left to right, for

an idealized triblock copolymer in tH8’° phase withfa = 0.27,fg =
0.55, andic = 0.18. The isosurfaces are shown at a monomer volume
fraction of 0.50.

Figure 7. Isosurfaces fopa (blue, left),¢c (green, left), andsg (right)
for an idealized triblock copolymer in thé” phase withfa = fc =
0.223 ands = 0.554. The isosurfaces are shown at a monomer volume
fraction of 0.50. Three distinct domains are evident under these

all three monomer domains are more clearly segregated.conditionsv but the AB and AC interfaces remain quite diffuse.

However, it is clear from the color scale shown along the

edges of the unit cell in these figures that all of the structures  Table 2 displays the components of the differende? for

produced at such low values ofxsN = ygcN are rather o= O™andf = G at a point along th®’°—G phase boundary

weakly segregated, with broad interfaces between A- and B-rich and foro. = O’%, g = G* at a point along th&©’°—G* phase

regions. boundary. Because these values have been evaluated along phase
It is apparent from the phase map ti@tnd O7° networks boundaries, wherAF = 0, the sum of free energy differences

compete closely in the B-rich corner and that @& phase is either row of this column vanishes, by construction. Columns

stabilized relative t@ in the regiorfc < fa < fg by the addition with negative values thus represent contributions that f@fér

of a C block to the end of the B matrix block. SCFT can help (®) overG or GA We see thaD™ is favored oveiG by both

us understand why one of these networks is favored over anothethe CB and CA interactions that involve the minority C block

and how the balance is changed by changes in composition orand, for this set of parameters, particularly by the AC interaction.

other parameters. For this purpose, it is useful to divide the Similarly, G* is favored overO™ by both the CA and CB
difference AF = F@ — F# between the free energies per interactions. This creates a sequer@e— O’ — G* with

molecule in two phases andj into components increasingc._ TheO_70 network is fa_v_ored ove@ by increasing
fc because it provides an “interstitial” domain for the C block
AF = AF g + AFge + AF ¢ + AF g, 1) that does a better job of minimizing interaction between C

) ) ) ) ) monomers and both B and A monomers, though it is not as
whereAF; is the difference in the free energy due to interactions t5yorable in this regard as the alternating gyroid phase.
of monomers of typesandj and AFcnainis the difference due It is clear from the entries in Table 2 thatFac plays a
to the difference in chain conformational entropy, including both significant role in this sequence of transitions between networks
chain stretching and the loss of entropy arising from localization This is a result not only of the comparatively large value chosen.
of the joints near the interfac@ Each of the binary interaction for yac but also of small values chosen N = yscN = 13

free energies is given by a differenad; = Fyy — Fj, where \hich jead to AB and BC interfaces so diffuse that they allow
substantial contact between A and C in ordered structures with

dr
Fi=x va #i(r) ¢(r) (2) no AC interface. The AC interaction plays a particularly
important role in theG—070 transition in this system because
is theij interaction free energy per molecule in phasé which the small C block, witHc = 0.150, is mixed with B within the

the integral is taken over a unit cell of volunve B-rich matrix in theG phase. We expe@Fac to become less
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Table 2. Components of the Difference between the Free Energies of tk&° Network in ABC Triblock and That of the G and G* Networks,
Evaluated at Points along the Phase Boundaries, in Units dfsT per Molecule?

o B (fa, fa, fc) AFpp AFgc AFpc AFchain
(Ol GA (0.252, 0.550, 0.198) —0.028 691 0.026 441 0.024 500 —0.022 249
G (0.300, 0.550, 0.150) 0.008 034 —0.002 613 —0.015 489 0.010 068

a AFag, AFgc, and AFca refer to the differences in interaction energies of AB, BC, and CA monomer pairs, respecii¥elyi is the difference in
polymer conformational entropy.

important in systems with larger values;@fsN andygcN, for over a wide range of values gfac/y. Over much of the
which the overlap between A and C will be decreased by the parameter spagec = y, Matsen found a phase sequeiite>
formation of structures with sharper AB and BC interfaces and $*— CA— GA with decreasindg. As already noted, our results
no direct AC interface. for yN = 13 andyacN = 35 (which is not among the set of
As predicted by Erukhimovich, the phase map contains a parameters examined by Matsen) do not yield a stalfle
critical point located at the intersection of the symmetry fine  Unlike us, Matsen did not find a continuous oréelisorder
= fc and the orderdisorder transition in the B-rich corner. For  transition (ODT) alongfa = fc: He did not mention any
our choice of parameters, this transition liesfat= fc = continuous ODTs in his publication and confirmed in a private
0.196 05 andfg = 0.607 90. The limit of stability of the communication that there is no evidence for a continuous
disordered phase (the spinodal), calculated from the random-transition in his numerical results.

phase approximation (RPA), is shown by the dashed line in  Erykhimovich's analysfé3* provides a partial explanation
Figure 4. The phase behavior near this point, at which the sphere o¢ why Matsen found discontinuous ODT in symmetric ABC
gyroid, and alternating sphere phases converge, is partiallytriblocks, whereas we find a continuous ODT. As Erukhimovich
analogous to that found nefa= 1/2 andyN = 10.495 in diblock  noted, almost all of the systems studied by Matsen lie in the

copolymers. The order paramete&s of the7ost£)I€, and $* region of parameter space in which linear stability analysis
phases and the metastalflé, G, G* and O™ phases are all  predicts a B-modulated instability of the disordered phase. The
found to vanish continuously at this point. isoplethfy = fc is a critical line, however, only for systems

The explanation of why a critical point should exist along  that undergo an AC-modulated instability. In systems with
this symmetry line, first given by Erukhimovich>*is closely  sufficiently low values of the ratit = yac/yas (i.e.. k < 0.6
analogous to that needed to explain why the critical point in fqr xaeN = 50), Matsen found a discontinuous transition to a

the diblock copolymer copolymer phase map appeafs at B-modulated BCC sphere phase, as suggested by this analysis.
1/2: the disordered phase of an ABC triblock melt is locally At intermediate values of this ratio (.= 0.6—2.0 for yasN
stable when the 3 3 structure function matrig;(q) = D¢:- = 50), however, he obtained a discontinuous transition to an
(@)0¢;(—a)V is positive-definite for all wavevectors where  Ac-modulated alternating sphere (CsCl) phase. It thus appears
0¢i(q) is a Fourier component of the fieldt(r) = ¢i(r) — fi that a symmetric ABC triblock can undergo a continuous ODT
for monomers of type, withi = A, B, or C. At the spinodal,  to an AC-modulated phase at large value&,cd discontinous

one of the eigenvalues d;j(q) diverges at a critical wave  transition to a B-modulated phase at very low values, or a

number|q| = ¢*. In an incompressible liquid, the spectrum of  giscontinuous transition to an AC-modulated phase at intermedi-
Sj(g) always contains a compression mode with a vanishing ate values ok

eigenvalue and an eigenvectdph,0¢s,0¢c) O (1,1,1). Along
the symmetry linda = fc, in a system withyag = ygc andba 4. 1S0 Triblock Copolymers
= bg = bc, the SCFT free energl[[¢[ is invariant under a
switch in the identities of A and C monomers. As a result, the N the idealized system considered in the previous section,
eigenvectors of5;(q) must be either even or odd under this We found a stabl®© phase that is bordered lty G, andG*
symmetry. Becaus§j(q) is a real symmetric matrix, they must phases. To this extent, the results agree with the phase behavior
also be orthogonal to the compression mode and to each otherobserved for ISO by Epps et &l.However, in the predicted
The two physical eigenvectors along the lfae= fc mustthus ~ Phase map, th@’® phase window is smaller than that observed
be an even modedfa,dds,00c) O (1,-2,1) (a “B modula- in experiment and lies far from thg = fg isopleth, where the
tion"3%) and an odd moded¢a,d¢s,0¢c) O (1,0~1) (an “AC phase was first observed by Bailey et'@llfo make a more
modulation®¥). For parametergac > yas = ysc Of interest meaningful comparison of SCFT to the reported phase map for
here, it is the odd, or AC modulation, mode that becomes SO, we next consider a choice of statistical segment lengths
unstable at the spinodal. A critical point is a point along the andy parameters that are, as best as we are able to determine,
spinodal for which the third derivative d&f[[p[] with respect appropriate to ISO.
to the amplitude of the critical mode vanishes. The symmetry = The choice of literature values for theparameters is not
of F[¢ under interchange of A and C requires that the third straightforward. Two methods are commonly used to measure
derivative of the free energy with respect to the amplitude of (T) in diblock copolymer melts: fitting the scattering structure
the odd mode vanish everywhere along a “critical lifig"™= factor in the disordered state to predictions of the random-phase
fc. The corresponding argument for a diblock copolymer melt approximation (RPA) and fitting observed ordefisorder
with ba = bg relies upon a symmetry df with respect to a transitions (ODTs) for symmetric diblocks to the predicted
relabeling of A and B to show that the third-order coefficient critical value ofyN = 10.495. As discussed by Maurer et4l.,
must vanish foffa = 1/2. these two methods can yield substantially different results for
It is interesting to compare our results, in which we fixed »(T). Furthermore, the reported values in the literature are
the interaction parameters and varied two independent volumeoften inconsistent even when they are measured with the same

fractions, to those of Matsefi,who studied systems witpg method. Table 3 is a compilation of FloryHuggins parameters
= yec andfa = fc but varied the parameteys= yag = ygc for binary interactions of I, S, and O, gleaned from the block
and yac. Matsen gave detailed results for systems wyitk= copolymer literaturé?—48 All of the displayed values have been

xac for a range of values gfN and for systems withN = 50 converted to a common monomer reference volum¥,gf=
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Table 3. Interaction Parametersy(T) = a/T + b and yN at Two
Temperatures and atN = 250 for Polyisopreneb-polystyrene (IS),
Polystyreneb-poly(ethylene oxide) (SO), and
Polyisopreneb-poly(ethylene oxide) (IO}

x(M=aT+b N
100°C 250°C
a b N=250 N=250 reference

IS 22.6 —0.0156 11.2 6.9 Hanley and Lodge
(AB) 26.4 —0.0287 7.5 5.4 Hashimoto et &l.

12.0 0.0086 10.2 7.9 Balsara et*al.

15.7 0.0047 11.7 8.7 Lin et &.
SO 29.8 —0.0229 14.2 8.5 Frielinghaus et“4l.
(BC) 274 0.046 29.9 24.6 Frielinghaus etal.
10 60.9 0.117 70.1 58.3 Floudas et*al.
(AC) 90.0 -—0.0579 45.8 28.5 Frielinghaus etl.

aThe interaction parameters are gleaned from the literature and converted
to the values obtained using a reference volume 1P38 Fhe two
temperatures represent the lower and upper limit of the experimentally
accessible temperature range in 1ISO. Fhmarameters reported by Hanley
and Lodge*? Hashimoto et al*? Balsara et al* and Floudas et &f were
determined by fitting scattering data to the RPA theory. The values reported

by Lin et al*®> and Frielinghaus et 4f were determined by fitting order I
disorder transition data to SCFT. Thevalues associated with the work of  Figure 8. Full phase triangle for a model 1SO triblock copolymer,
Frielinghaus et &7 are our fit to their published ODT data. with statistical segment lengths = 6.0 A, bs = 5.5 A, andbo = 7.8

A and interaction parameteygN = 11.0,ysN = 14.2, andyoN =
118 A3. The temperature dependence for egchas been fitted 45.8.
to the formy(T) = a/T + b. The y values associated in the
table with the work of Frielinghaus et #l.are our fit to their
published ODT data. The reportgdsalues for Sl agree fairly
well at lower temperatures, but there is still a variation-d0%.

somewhat surprising in light of the uncertainties in theara-
meters and the sensitivity of the calculated phase map to rela-
tively small changes in these parameters, which is apparent from
; ' a comparison of this phase map to that obtained in section 3.
Less dat?‘ is available for S.O and 10, and the reportealues A close comparison of the SCFT results and experimental
are considerably less consistent. results shows some obvious discrepancies, which are worth
Discrepancies in the reported valuesggb andyo leave us  noting. This calculation fails to predict the experimentally
considerable freedom in the design of an SCFT calculation. Our phserved phase progression@fO7°, GA with increasingg at
goal is to compare the phase behavior predicted by SCFT to any fixedfc (i.e., along any horizontal line in this phase triangle).
the phase behavior measured in the eXperimentS of Bailey, EppS]t also predicts a phase boundary betweenmﬁ%phase and
and co-workerd®!” These experiments were conducted for the “two-color” lamellar region (which extends to the AB edge)
chains of various molecular weights, ranging fréh+ 200 to at a significantly larger values d than observed experimen-

300 and over a temperature range of $@60°C. We calculate ta]ly, yielding anO" phase that is stable over a narrower range
a phase map for a hypothetlcal set of triblocks with a fixed of fc than observed experimenta”y_

total chain length ofN = 250, at a fixed temperaturé = Figure 10 shows the predicted structure of an IS®phase
100°C. We use the smaller of the reportegarameters at this  with f, = fg = 0.395 andfc = 0.21. In this structure, the
temperature for botlsO and IO interactions, givinggsdN = C-domain forms a single 3-fold connected network within a

14.2 andyioN = 45.8, and an averaggsN = 11.0 of reported  matrix of A, while A and C domains are separated by a weakly
values for thd/Sinteraction. We use statistical segment lengths segregated B-rich shell. At this composition, the structure is
by =6.0A,bs=5.5A, andoo = 7.8 A for a monomer reference  most accurately characterized as a eskell network analogous
volume of 118 &, which are adapted from published vald&s. o the core-shell gyroid that neighbors it in the A-rich corner.
This choice ofy parameters is almost, but not exactly, consistent Note that the structure shown in Figure 10 is qualitatively
with the Hildebrandt approximation: fixing our values;oéN different from theO70 structure found near the AB edge in the
andysd\ while assuming thag; O (6i — d;)? would yield yioN B-rich corner fc < fa < fg) in the model considered in section
= 50.2. To facilitate Comparison to the results of this and the 3. This structure, shown in Figure 6, contains a core network
previous section, we hereafter use the labels A, B, and C t0of A in a matrix of B with weakly segregated pockets of C.
referto I, S, and O, respectively. The structure shown in Figure 10 is instead similar to @fe
Figure 8 is the phase triangle for this model of ISO triblock structure found near the BC edge in the B-rich corner in section
copolymers with fixed values gfjN. The O’ phase window 3, which also contains a core network of C. The change in
straddles thé, = fg isopleth and is bounded Iy, L, andGA. interaction parameters used to more accurately mimic 1ISO thus
With this choice of parameters, the overall SCFT phase map isdid not cause an expansion of the region of stability of the A
qualitatively similar to that observed by Epps etlalas shown core network, which remains stable only very near the AB edge,

in Figure 1. As in the experimental results, tB&° window but instead caused a sequence of C @endO’° networks to
separates a region of “two-color” lamellar order near the line become stable across a band that connects BC edge to the A-rich
fc = 0, in which C end-block dissolves within-Bch layers, corner.

from a “three-color” lamellar region, in which A, B, and C Some insight into why this change in interaction parameters

segregate into three more well-defined domains. Like the systemstabilizal a C core O’ phase can be obtained by again
with yas = ysc, this phase map contains a critical point, which considering contributions to the differences in free energies
is located at a point (0.207 21, 0.643 13, 0.149 66). The location between competing phases. Table 4 shows components of the
and the phase windows &f O7% G, andG”* agree reasonably  differences between the free energy of @€ network found

well with experimental results. The extent of agreement is in the regionfa ~ fzg > fc and those of competing phases. The
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higher free energies in this region. We find, for this set of
molecules, theD"® phase is stable for values &f from 0.186

to 0.249. This is quite similar to the range of compositions found
in the partial phase triangle shown in Figure 8, in which the
block copolymer has a fixed chain length= 250, and the®
phase withfy, = fg is stable fromfc = 0.189 tofc = 0.250.
Bailey et al. found that th©7° phase is stable fde over wider
range offc = 0.12-0.27. The predicted minimum value &f

is significantly greater than observed.

5. Diblock Copolymers

Our calculations of the phase behavior of an idealized ABC
triblock copolymer and of a model ISO triblock copolymer both
predict regions in which th®° phase is stable that extends to
the AB edge of the phase triangle. This implies that @7&
phase is also a stable phase of diblock copolymer melts. To
emphasize this point, we show in Figure 12 the free energies
per molecule of thés, S, C, andO’° phases, relative to that of
L, for a diblock copolymer with equal statistical segment lengths
andyN = 13, corresponding to AB edge of the phase triangle

fs shown in Figure 3. Our calculations are such that the errors in
Figure 9. Expanded view of the complex region of the phase map for the free energies per molecule are smaller than the width of the
the ISO triblock copolymer. Dots denote the points at which we have Plotted lines in this figure-although the differences in free

calculated the phase boundaries. The light dashed curve that is tangen 0 .
to the orderdisorder transition at the critical point is the spinodal of  €Nergy per molecule betwe@®and competings andL phases

disordered phase. are less than 10kgT, the calculations are converged to within
10 %kgT. ForyN = 13, theO"® phase is stable fdx = 0.418-
0.422.

values in each row are evaluated at a point along the phase No prior published calculations of the diblock phase map in
boundary of theD™ and a neighboring phase, as in Table 2. SCFT have considere@’® as a candidate phase. Because our
Notice that theO"® phase is favored over the lamellar phases triblock phase maps indicate that t@&° phase is stable in the
along both of theO’°—L phase boundaries by a lower BC limit of an idealized diblock copolymer, we have calculated the
interaction, while the lamellar phase is favored by a lower AB diblock copolymer phase map for a block copolymer with equal
interaction. Both the increase jacN from 13 to 14.2 and the  statistical segment lengths. We have included@f& G, L, C,
decrease ingagN from 13 to 11.2 thus helped stabilize’® and S phases as candidate structures.
relative toL. COﬂVEI’SE|y,O7O is favored relatived a C core The relevant region of the resulting phase map for diblock
gyroid structure along both of its phase boundaries by a copolymers is shown in Figure 13. TI@&° network is found
favorable AB interaction, while th& phase is favored by a o be stable within a narrow range of compositions that borders
favorable BC interaction. The relationship between@igand the lamellar phase, foiN from 10.495 to 13.76. Th®7° phase
G phases is consistent with that found in the model with = is stable in a weakly segregated region that overlaps and extends
xsc: an ABC triblock O™ phase with a core network of C is  the weakly segregation end of the region in which the gyroid
favored relative to the competing C core gyroid phase by alower had previously been predicted to be stable. The existence of
AB interaction energy. the O’ phase in the diblock phase map removed#@&C triple

The set of molecules used to calculate Figure 8 is not point that Matsen and Schigkhad predicted to occur aiN =
completely analogous to the set studied by Bailey éf ahd 11.14 anda = 0.452. The boundaries of tf@° phase meet at
Epps et ak’ In their experiments with 1SO, sequences of anL/G/O" triple point and aC/G/O"° triple point. The values
triblocks with fixed ratios off; to fs were synthesized from a  of yN and fa at these triple points, as well as the unit cell
single parent IS diblock. Each such parent diblock was used asparameters, are given in Table 5. Unlike the gyroid phase, the
a macroinitiator to synthesize a sequence of triblocks with O O7°phase appears to extend as a narrow sliver all the way down
blocks of increasingly length. For each sequence, the total chainto the critical point ayN = 10.495 anda = 0.5. This feature,
length N thus increased afp increased. In the phase maps which is difficult to resolve in numerical SCFT, has been
constructed for both the ISO model of this section and the confirmed by Ranjan and Morse by considering the weak-
model of section 3, the total degree of polymerizathbnvas segregation theorsp.
held fixed. Figure 14 shows thea = ¢g = 0.5 isosurfaces as well as

In order to make a more direct comparison to the experiments the gradients of density within those surfaces for both the A
of Bailey et al.l6 we have also calculated the free energy of and B monomers witfi, = 0.43 andyN = 12.0. The minority
various phases as a functionfef for a sequence of molecules A domain forms a network within a matrix of B. At these weak
in which the length of the C block is increased while keeping Segregation strengths, the interfaces in this structure are diffuse;
the lengths of the A and B blocks fixed. We have considered a neither monomer exceeds 85% purity at any location within
sequence of triblocks similar to that studied by Bailey et al., the unit cell.
which are grown from a parent diblock witth= 212 andfa = Table 6 lists the components of the differences in free energy
fs, with overall chain lengths ranging from 212 to 318. Figure between theO’® phase and the neighboring lamellar aGd
11 shows the free energy of tkiE? phase with reference to the  phases at points along the intersection of the phase boundaries
L phase along thdy = fg isopleth for fc = 0.14-0.40, with the lineyN = 12. For this system, we have subdivided the
corresponding toN = 240-310. All other phases have much conformational free energy into contributions arising from
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O

Figure 10. A(l), B(S), and C(O) domains in th®™° network of an ISO triblock, as predicted by SCFT. The isosurfaces are shown for each
monomer at, = 0.5. The morphology is coreshell-like, with an C networka B shell, and an A matrix. The B domain is quite weakly segregated,
never exceeding a volume fraction of 70%.

Table 4. Components of the Differences in Free Energies of the ISO° Phase and Those of the Surrounding Phases at Selected Boundary
Points, in Units of keT per Molecule?

o B (fa, fa, fc) AFpp AFgc AFac AFchain
(ol Gea (0.408, 0.382, 0.210) —0.018 722 0.020 969 0.003 221 —0.005 468
Ges (0.222, 0.568, 0.210) —0.016 042 0.021 607 —0.013 051 0.007 486
Lo (0.406, 0.406, 0.188) 0.067 917 —0.100 121 0.015 259 0.0169 46
L3 (0.375, 0.375, 0.250) 0.056 290 —0.086 875 0.033938 —0.003 352
GA (0.238, 0.580, 0.182) 0.040 548 —0.035 229 0.005 099 —0.010418

aGca represents the gyroid phase with a core of C in an A matrix, which is stable near the A-rich corneGeghiepresents the network phase with
a network of C n a B matrix, which is stable nearer the B-rich corner.
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. N . Figure 12. Free energies of th®’, G, S,andC phases for a diblock
Figure 11. Free energy of th&®™ phase relative to that of the copolymer atyN = 13, relative to that of thé phase.

phase with increasing length of the C block at fixed length of the A

and B blocks. They parameters are those of our base case for . . . .
ISO. TheO™ phase is the stable phase for valuegcafom 0.186 to action in a diblock melt, our understanding of the competition
0.249. between theO’® and G phases in weakly segregated AB
stretching of the A and B blocks and from the entropy loss diblocks is necessarily somewhat different from that suggested
arising from localization of the joint near the AB interface, using Py Table 2 for ABC triblocks withfc < fa < fg, in which we

the decomposition introduced by Matsen and Bates in eq®7 ~ found that the A cord’0 network is stabilized relative to the

of ref 40. Along the phase sequente— O7 — G that is analogousG network by a favorable BC matrixinterstitial
traversed at this value ofN by increasing compositional ~ Interaction.
asymmetry, both thé — 070 and O’° — G transition lead to In a recent papet Takenaka et al. have reported the

increases in the AB interaction free energy, which are com- identification of anO’° phase over a narrow temperature range
pensated by decreases in chain conformational free energy. Innear the orderdisorder transition in a nearly symmetric poly-
weakly segregated diblock copolymers, the A-c@@ phase (isopreneb-styrene) diblock copolymer. The ratios of unit cell
thus has a lower AB corematrix interaction free energy than  dimension required to index the peaks obtained in small-angle
the G phase, while the gyroid has a lower stretching free energy X-ray scattering are consistent with the predictions of SCFT,
for both blocks. Because there is only one type of binary inter- which are discussed in section 6. It is not clear from this
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Our SCFT predictions for the equilibrium unit-cell parameters
of the O’° phase in both triblock and diblock copolymers
coincide closely with eq 6 and thus with the SAXS data collected
by Epps et al’ The calculated unit cell parameters for the
diblock copolymer at the./G/O"° and C/G/O° triple points,
which are listed in Table 5, are very close to these ratios.
Furthermore, for diblocks these ratios are found to asymptoti-
cally approach the values given in eq 6 as the critical point is
approached in the limgN — 10.495 and, — 0.5. At predicted
ratios of unit cell parameters for an 1ISO triblock copolymer are
shown in Figure 15 along the life = 0.21. The ratio®/a and
(particularly) c/b are extremely close to 2 and'3, respec-
tively, leading to nearly perfect overlap of magnitudes of the
(004) and (022) reciprocal vectors. The ratia deviates slightly

10 o4 043 05 more from 2/3 but remains within 2% of this value over the
’ ’ ’ range of compositions in which tH8’° phase is stable.
i L ) . The reasons for the coincidence of the first three scattering
Figure 13. SCFT phase map of an idealized diblock copolymer with

i 0
equal statistical segment lengths as a functiolngf 1 — fg andyN. peaks in weakly segregaté@l® structures may be underst_oo_d
only G, S C, L, andO™ phases are considered as candidates. in the context of a Landau weakly segregation theory similar

to that constructed for diblock copolymer melts by Leilsfer.
This weak-segregation theory has recently been extended to

XN

Table 5. Thermodynamic and Unit Cell Parameters of theO”® Phase include theO” phase by Ranjan and Mor&The disordered
atthe Triple Points of the D,i:plo':k (igfmmer Phase Map Shown in phase becomes unstable at a spinodal with respect to density
igure

modulations with a nonzero wave numlgr Weakly segre-
gated ordered phases may be approximated by a single-
L/G/O™® 13.76 0.413 4.06 2.01 3.56 wavenumber expansion as superpositions of plane waves with
c/GIo™ 11.64 0.431 3.84 2.00 351 wavevectors of equal magnitudg = g*. The O’ phase may
2 Here,a, b, andc are the equilibrium orthorhombic unit cell dimensions,  be constructed from the 14 wavevectors contained in the (111),
andRy = (N/6)"2 is the radius of gyration. (022), and (004) families of reflections, for a unit cell in which
these wavevectors all have magnitudertfRanjan and Morse
preliminary report whether this is an equilibrium or a metastable found, within the context of this theory, that &1° phase with

phases xN fa alRy b/a da

structure. this special unit cell is stable in a narrow sliver between the
lamellar and hexagonal phases that extends to the critical point.
6. The O’ Unit Cell Bailey et all® originally proposed a simplified geometrical
The orthorhombic unit cell of the equilibriu® structure model for theO”° phase, which yields a unit cell different from
exhibits a characteristic set of ratios:lf:c) of the unit cell that discussed above. In this simplified model, @€ phase is

dimensions, b, andc. The geometry of this characteristic unit  id€alized as a network of equal length struts of the “core”
cell is evident from the results of scattering experiments. In the cOmponent connected by nodes at which three struts meet with
small-angle X-ray scattering (SAXS) experiments of Epps et equal 120 angles. Figure 16 illustrates the model. This model
al.!7 the three peaks of smallest scattering wave number in has only two parameters: _ the_ length of one strut and the angle
powder-pattern scattering intensity profiles nearly overlap. These ¢ formed between the projection onto takplane of the struts
three peaks correspond to the (004), (111), and (022) families that are not parallel to the axis. The unit-cell parameters of
of Bragg reflections. The peaks corresponding to the (004) and @1 O’° network based on this model are
(022) directions, in particular, are indistinguishable even in high-
resolution synchrotron SAXS data. The square magnitudes of (ab:c) = (1:cotf:+/3csch) (7
the relevant sets of scattering wavevectors are

This is equivalent to a requirement thidt= 3(a? + b?), where

G2, .= 1 + 1 + 1 (3) a/lb = tan6. Bailey et al'® suggested that the shear angle varies
(111) 2 2 2 — ;
a b° c around an average value of 2 60°. For 20 = 60°, the ratios
of unit cell parameters are:p:c) = (1:«/5:2«/5). No choice of
G . = 4 + 4 4) shear angle will produce unit-cell parameters in the ratio (1:2:
(022) 2 2 . . .
b® ¢ 2v/3) given in eq 6, for whicte?/(a2 + b?) = 12/5.

An Fddd with a slightly different unit cell was identified,

G — 16 (5) independently of our work, in a theoretical study of the kinetics
oo 2 of phase transitions in diblock copolymer melts by Yamada,
Nonomura, and Oht#54 The work of this group is based on
The (022) and (004) peak wavenumbers coincide +/3b. an approximate weak-segregation theory in which the monomer
All three peaks coincide if and only if concentration fields in all structures of interest are represented
as superpositions of a limited number of plane waves. Specif-
(ab:c) = (1;2;2@) (6) ically, these authors have considered structures that can be

constructed as superpositions of plane waves i{ #id} and
or (a:h:c) = (1:2:3.464). The observation that these three peaks {022 families of reciprocal lattice vectors of a cubic crystal.
overlap in orientationally averaged scattering thus implies a This choice of basis functions allowed them sufficient freedom
unique set of ratios of the three unit cell parameters. to represent the lamellar, hexagonal, and gyroid phases and
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Table 6. Components of the Differences in Free Energy between tH@’° Phase and theG and L Phases in AB Diblock Copolymers withby =
bg, at Points along theO’°-L and O’°—G Phase Boundaries at WhichyN = 122

a B (fa, fB) AFpg AFa AFg AF;
o7 L (0.437, 0.563) 0.025 916 —0.011 936 —0.011 919 —0.002 128
G (0.427,0.573) —0.004 596 0.001 818 0.001 982 0.000 853

aHere AFag is the difference in binary interaction free energysa and AFg are differences in the conformational free energies of the A and B blocks,
respectively, and\F; is a difference in the translational free energy arising from localization of the AB junction, as defined in ref 40.

0.85 ,

0.80
0.75
0.70
0.65

0.60

0.55

0.50

Figure 14. ¢ = ¢s = 0.5 isosurfaces as well as the gradients of
density within the surface for A and B monomers for @ mor-
phology of a diblock copolymer melt witfh, = 0.43,yN = 12, and

bA = bB.

4 — " 2 Figure 16. A ball and stick model of th€© phase, constrained such
@ c/a that each stick is of fixed length, with a shear angle of.60
R e The Fddd structure considered by Yamada et?&1® was
S ““““““““““““““““ ) 1 200 constructed from a superposition of 12 of the 2211}
% 37 a P reciprocal lattice vectors and twf022 vectors of a cubic
o h °§ lattice. This yields a set of 14 wavevectors, but one in which
£ 25 the two wavevectors from thg22 family have a magnitude
s A that is larger by a factor o/4/3 than the other 12. This set of
E 2 bia S 14 peaks can also be represented on an orthorhombic lattice by
b associating th€022 reciprocal vectors of the cubic lattice with
15 . e the {004} reciprocal vectors of the orthorhombic lattice and
03 -02 01 0 01 02 03 04 the 12 relevanf211} vectors of the cubic lattice with tHg22
fp-fa and{111} reciprocal vectors of the orthorhombic lattice. The
Figure 15. Ratios of unit-cell parametetsa, andc/a, andb/c (solid a, b, andc axes of the orthorhombic unit cell are aligned, e.g.,
lines) and the absolute magnitudeaih A (dashed line) for our base-  parallel to the (01), (100), and (011) directions of the cubic
case ISO triblock wittyasN = 11.0,7scN = 14.2, andyacN = 45.8, cell, respectively. The requirements that the magnitude of the

along the linefc = 0.21. TheO™ phase boundaries are marked by

crosses. The ratios 1:2/8) are shown by dotted lines. orthorhombid{111} and{022 reciprocal vectors be equal, and

that the magnitude of thE004 reciprocal vector be larger by

yields phase boundaries for transitions between these phased factor ofv/4/3, imply that the orthorhombic unit cell must
that are similar to those predicted by SCFT. By adding a third have dimensions
set of plane waves, they were also able to represent the BCC s ]
phase. Among the locally stable structures that they identified (abc) = (1'3/“/5'3) ®)

was one withFddd symmetry, with isosurfaces of the same or (a:b:c) = (1.0:2.12:3.0). Thé=ddd structure considered by
topology as those obtained here for tReldd phase. This Yamada et al. is thus based on deformed version of the
structure was initially reported to be a metastable structfte, equilibrium Fddd unit cell, in which thec axis is shortened by
which was found to appear in Langevin simulations as a 13.4%. This deformation allows the establishment of an epitaxial
transition state during transitions from the gyroid to the lamellar relationship between the gyroid arfeddd structures. This
phase, lamellar to gyroid, and from hexagonal to gyroid ph&se. structure was presumably found to be stable over a substantially
A subsequent reexamination of the equilibrium phase diagram smaller region than found here for the optinkaldd unit cell

for this modeP*in which the authors included two more families as a result of the increase in free energy caused by this
of plane waves in the Fourier expansidr310 and {400, deformation.

showed that this structure is actually stable within a very small e i

region of parameter space (much smaller than that shown in7- Sensitivity Analysis

Figure 13) near the point at which the gyroid, hexagonal, and The experimentally observed phase map, shown in Figure 1,
lamellar phases have equal free energies. and our SCFT phase map for ISO, shown in Figure 8, agree
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. . Figure 18. - —(fs — fa) phase map of an ISO triblock
Figure 17. (xas — xsc)—fc phase map of an ISO triblock copolymer co%olymer a%% théBi)fB(igomefh)’ \F/’vithXAcN :p45.8, frac + yxas)N
along thefa = fo Isopleth, ithysch =458, fac + 72eIN =252 _'952 by = 6.0 A, bs = 5.5 A, andbc = 7.8 A. The dotted fine at
=6.0A,bs=55A, andbe = 7.8 A. The dotted line afrhs — 7ac)N (xas — xsc)N = —3.2 represents the intersection of this phase map
= —3.2 represents the intersection of this phase map with the base-

case phase triangle in Figure 8. with the base-case phase triangle in Figure 8.

qualitatively. In both phase maps, t@€° phase is stable around 15 - T - T - — 18

thefs = fg isopleth and is bordered by the G, andG* phases. 1l | 1

The agreement is not quantitative, however; the precise locations

of phase boundaries differ significantly. This is not surprising, N 13 116 9
particularly in light of the substantial uncertainty in our choice o o 1 s ;

of literature values for the ISO interaction parameters and the v 127 L 0 L g
substantially different phase maps obtained in sections 3and 4 ¥ ; 114 %
for slightly different sets of parameters. A more complete Zg 113 %
understanding of the phase behavior of this class of systems = 10 | 1 2
thus requires some understanding of the sensitivity of the ol

predicted phase map to modest changes inytiparameters. D 111

Such a sensitivity analysis also helps us to understand to what 8

extent the discrepancies between our predictions for 1ISO and 0 005 01 015 02 025 03

the experimental phase map might be reasonably attributed to fc

errors in our chosep parameters and to what extent they must Figure 19. (yas — xsc)—fc phase map of an ISO triblock along the
be attributed to limitations of SCFT itself. = g isopleth, withyacN = 45.8, fras — 7ac)N = —3.2,b, = 6.0 A,

: . e ; bg = 5.5 A, andbc = 7.8 A. The dotted line gtagN = 11.0 represents
In this sect|on_, we thus explore the sensitivity of the predicted the intersection of this phase diagram with the base-case phase triangle
phase boundaries for our ISO triblock copolymer model to i, Figure 8.

variations in the three binary interaction parameters. We consider

variations of all three parameters around a base case considered S 7 18

in section 4, in whichagN = 11.0,yacN = 45.8, andygcN = 14 + \Gy 117
14.2. We have considered three independent variations of the = ;5 | Cr o
interaction parameters: (1) varying the differenggs(— ysc) o ” 11 o
while keepingyac and the sumyas + xsc) fixed; (2) varying z 2rC G o 115 =z
the sum gag + yec) while keepingyac and the differenceyfs £ 1 { 14 3
— xec) fixed; (3) varyingyac while keepingyag andysc fixed. > 10| | 13 >
We have explored the effect of all three variations along a line 3 ol 5
fa = fz and the first two along a line with fixett = 0.21 L 12
isopleth. Both lines are chosen to cut through the region of 8T {11
predictedO70 stability. The resulting phase maps are shown in 7L : . . : ; : :

Figures 1721. In each of these phase maps, the choice of 04 -03 02 01 0 01 02 03
parameters corresponding to the base case studied in section 4 fp-fa

is shown as a dotted line. Figure 20. (xas — xsc)—(fs — fa) phase map of an ISO triblock along

Most of the trends found in this numerical sensitivity analysis Ehgf;i . 0-215i§0£|etha\tf)\'it%§N8 3 4_|§H8,Jésct’t\| (TleB':; ﬁ-Z, b£\1=0
: H H : H . , 0 = O. , andbc = /. . € dottea line ABN = .

can b.e ra.tlonall'zed by gonSIderlng theivalues of the dlfferenpes represents the intersection of this phase diagram with the base-case

AFj in bln_ary interaction free energies betwee_n competing phase triangle in Figure 8.

phases. It is straightforward to show that the derivative of the

free energy differenc&F = F* — F between phases and/3 tells us that increasing; will always favor the phase for which
with respect to changes in a single interaction paramgteat theij interaction free energy is lower. The relevant differences
fixed composition and fixed statistical segment lengths, is given binary interaction free energies between the IS® phase
exactly by and its competitors are given in Table 4.
IAF Figures 17 and 18 show the phase maps produced by varying
Ky = AF ) (yas — x80) at fixedyac and fixed fas + zac), along the line
: fa = fg andfc = 0.21, respectively. The base case seems to be
whereAF; = Fﬁ‘ - Fff is the difference between the binajy a nearly optimal choice for stabilizing a lar@&° phase window.
interaction free energies of phaseandg. This identity simply Along either isopleth, we see that a decrease injthe { xsc)
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60 F " ' " " " T to that found in an analogous diblock copolymer structure. In
the B-rich corner, we find regions of sphere, cylinder, gyroid,
551 1 and O’° phases near the AB and/or BC diblock edges. These
o structures may be described qualitatively core/matrix/interstitial
0T L 0 L structures, in which, in the regiofa < fa < fg, an A block
Z% a5 | forms a core domain similar to that of the corresponding diblock
R copolymer phase and the C block segregates into an “interstitial”
40 L | domain withn a B matrix. Along the lindx = fc, this model
exhibits an alternating sphere and alternating gyroid phase, in
35 | ] which the “core” and “interstitial” domains have a similar

topology. The behavior along the lifig= f¢ is consistent with
that found previously by Matsen in systems wijtke = xsc
andfa = fc, except for the absence for the parameters chosen

. o1 ‘1 IS0 triblock along thi, = f isopleth, with here of the alternating cylinder phase that was found by Matsen,
igure 21. yac—fc for an riblock along = fg isopleth, wi i ; i

N = 110 yacN = 14.2.ba = 6.0 A by = 5.5 A, andbe — 7.8 A, which was obser\(ed experimentally by Mogi et gI:

The dotted line agacN = 45.0 represents the intersection of this phase ~ In the model withyas = ysc, the region of stability of the
diagram with the base-case phase triangle in Figure 8. 0’0 phase in the B-rich corner grows at the expense of a

competing gyroid phase as the size of the minority end-block
would drive a transition fron®7to L, while a further increase s increased, because t@&° phase provides a lower free energy
would force a transition fron®’° to G. Because the base value of interaction between the matrix and interstitial block and (in
of yasN = 11 for the AB interaction is close to the critical such a weakly segregated system) also between the end-blocks.
value ofyagN = 10.495 for a symmetric diblock, a disordered We suspect that the role of the interaction between mid- and

0 0.05 0.1 0.15 0.2 0.25 0.3
fc

phase appears in Figure 17 n&ar= O for large values ofyas end-blocks is general: in both of the models considered here,
— ¥BC). when a gyroid andD’° phase wih a C core compete, the"°

We next consider variations iny{s + ysc) at fixed yac and phase is favored by a lower free energy of interaction between
(xas — ysc). Figures 19 and 20 are the corresponding phase the matrix B block and the interstitial A block, corresponding
maps along thd, = fg isopleth and théc = 0.21 isopleth, to a smaller interface between the matrix and interstitial domains.

respectively. The phase boundaries alongfthe fg isopleth The G* phase is in turn favored over ti@"° phase with a C
are comparatively insensitive to this variation, whereas the phasecore by a yet lower AB interaction. In this sense, @€ phase
boundaries along thk = 0.21 are more strongly influenced. in ABC triblocks may be considered as a natural intermediate
As (xas + ysc) becomes larger, th&” phase becomes stable, between the gyroid and alternating gyroid phases.
crowding outO’% indeed, atyagN = 13.5 andyscN = 16.7, Both of the models studied here exhibit a critical point in
SCFT predicts the phase sequefie- O’°— G* along thefc the B-rich corner, of the type predicted by Erukhimovich for
= 0.21 isopleth. This is the phase sequence observed for ISO,systems that undergo aC modulation. Phase behavior near
as presented in Figure 1. this critical point is reminiscent of that predicted negN =
Finally, we varyyac at fixedyag andygc. For systems with 10.495 anda = 1/2 in diblock copolymers: the magnitude of
sharp AB and AC interfaces, we would expect almost no the periodic modulation of composition vanishes continuously
dependence of the phase boundaries upon this parameter, ags the critical point is approached by varying composition within
found by Matse?? in more strongly segregated systems, because any of several ordered phase, and several phase boundaries
there would be almost no contact between A and C monomers.converge at the critical point. In the model wijths = ygc, the
For the more weakly segregated structure considered herecritical point appears along the lirffg = fc, as the result of a
however, we find that agac increases, th©’° window along symmetry analogous to that which requires the critical point of
thefa = fg isopleth narrows, closing completelyjgicN ~ 55, an idealized diblock copolymer to lie along the life= 1/2.
as shown in Figure 21. The lamellar phase is stabilized by The most important difference between the model of 1SO
increasingyac because, as shown in Table 4, the lamellar phase studied in section 4 and the idealized model of section 3 is the

has a smaller AC interaction energy than ®€ phase. use in the 1ISO model of a slightly larger value)gkN = 14.2
) and a smaller value gfagN = 11.0 than the valugagN =
8. Conclusions yscN = 13 used in section 3. This modest asymmetry causes
We have used SCFT to study the phase behavior of Significant change in the phase map, by causing a sequence of
nonfrustrated ABC triblock copolymers, wifiac > yas ~ xsc. G and O’ network structures with C core domains to become

These systems tend to form phases in which the B phase isStable across a pand that connects the .BC edge to the A-rich

continuous, with no direct interface between A and C domains. corner. The predicted phase map for this model agrees semi-

The systems studied here have modest interactions between Agiuantitatively with that obtained by Epps et'al.

and BC monomer pairs, however, leading to rather broad AB  Our results for ABC triblocks copolymer led us to reexamine

and BC interfaces and to some residual interaction of A and C the diblock copolymer phase map. TBé° phase was found to

monomers within the ordered phases. We have considered bottbe stable in diblock copolymers within a narrow weakly

a thermodynamically symmetric model wighg = ysc and a segregated region that overlaps the previously predicted region

slightly asymmetric model with parameters chosen to mimic, of stability of the gyroid phase and extends the region of stability

as best we can, those of ISO. of these two network phases to the critical point. The reasons
In the symmetric model, witlhras = ysc, the center of the for the stability of a very weakly segregat@d® phase in diblock

phase map is dominated by a large lamellar region. The A- and Copolymer melts appear to be best understood within the context

C-rich corners, in which an end-block is the majority component, of weak-segregation theof§).

exhibit core-shell sphere, cylinder, and gyroid morphologies The predicted dimensions of the unit cell of {Bé&° phase in

in which the minority end-block forms a core domain similar the relatively weakly segregated triblock and diblock copolymer
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melts studied here have ratios very close to a special set of(13) Mogi, Y.; Mori, K.; Kotsuji, H.; Matsushita, Y.; Noda, I.; Han, C. C.

) — (1-9- : : Macromolecules993 26, 5169-5173.
values @&:b:c) —”(1.2.2\/5') for which the primary (004), (022), (14) Mogi, Y.; Nomura, M.; Kotsuji, H.; Ohnishi, K.; Matsushita, Y.; Noda,
and (111) families of reciprocal vectors have equal magnitudes. L. Macromolecules1994 27, 6755-66760.

The unit cell shape predicted with SCFT agrees well with that (15) Matsushita, Y.; Suzuki, J.; Seki, ®hysica B1998 248 238-242.

: ; - ; ; (16) Bailey, T. S.; Hardy, C. M.; Epps, T. H.; Bates, FMacromolecules
obtained in SAXS experiments on ISO, in which the three 2002 35, 7007-7017.

corrgsponding scattering peaks overlap. Neither our SCFT (17) Epps, T. H.; Cochran, E. W.; Hardy, C. M.; Bailey, T. S.; Waletzko,
predictions nor the SAXS results are adequately described by R. S.; Bates, F. SVlacromolecule004 36, 2873-2881.

the model proposed by Bailey et al. of a network of equal- (18) gghgagterjee' J.; Jain, S.; Bates, FMacromolecule2007, 40, 2882~
length struts connected at equal angles at 3-fold nodes. (19) Hueckstadt, H.; Goldacker, T.; Gopfert, A.; Abetz Macromolecules

i i ictedo i i 200Q 33, 3757-3761.
The size and location of the predict ph_ase window in (20) Matsushita, Y.; Tamura, M.; NodaNlacromoleculed992 27, 3680~
ISO are found to depend strongly on the difference between 3682.

the input values ofyag and ysc. For smaller values of this  (21) Shefelbine, T.; Vigild, M.; Matsen, M.; Hajduk, D.; Hillmyer, M.;
difference, arL phase would be stable; for larger values than Cussler, E.; Bates, B. Am. Chem. S0d999 121, 8457-8465.

; . (22) Cochran, E. W.; Bates, F. Bhys. Re. Lett. 2004 93, 087802.
that used here; & network would become stable instead of an (23) Nakazawa, H.; Ohta, Tacromoleculed993 26, 5503-5511.

0% network. Our analysis suggests that it is probably not (24) zheng, W.; Wang, Z. GMacromolecules995 28, 7215-7223.
possible to dramatically improve the extent of agreement ggg (F;f;]an, TS';}ErEdnCIT(S'O%\A G. HVlacrlom?IestlzglgeGSLfglzgéfgggg.
: ta, T.; Kawasaki, KMacromolecule A — .
between SCFT and the experimental results of Epps et al. by 520 o' 171 Kawasaki. KMacromolecules 990 23, 2413-2414
further refinement of thg parameters. (28) Tyler, C. A.; Morse, D. CPhys. Re. Lett. 2005 94, 208302.
; . 29) Matsen, M. W.J. Chem. Phys1998 108 785-796.

The calculations presentgd here are restricted to rather_weaklyggo) Tang, P.. Qui, F.: Zhang, H.. Yang, Phys. Re. E 2004 69, 031803.
initial experimental studies on ISO systems with accessible 9324-9332. _ _
order—disorder transition®17 In a subsequent experimental (32) Jiang, Y.; Yan, X.; Liang, H.; Shi, A.-CJ. Phys. Chem. B005 109,

. R 2104721055.
study of ISO samples of substantially higher molecular weight,  (33) Erukhimovich, 1. Y.; Abetz, V.; Stadler, Riacromoleculesi997,

poorly ordered but apparently multiply continuous structures 30, 7435-7443.
were observed by transmission electron microscopy in the (34) Erukhimovich, I. Y.Eur. Phys. J. E2005 18, 383-406.

- . . ) 0 (35) Leibler, L.Macromoleculesl98Q 13, 1602-1617.
composition range in which well-ordere@d® structures were (36) Matsen, M.; Schick, MPhys. Re. Lett. 1994 72, 2660-2663.

identified in lower molecular weight samples. Future theoretical (37) Tyler, C. A.; Morse, D. C.Macromolecules2003 36, 8184
work will examine whether th®©° phase remains thermody- 8188.

; ; ; (38) Well, A. F. Three-Dimensional Nets and Polyhedi&/iley Mono-
namically stable in more str_ongly se_gregated ABC t.”bIOCkS or graphs in Crystallography; Wiley-Interscience: New York, 1977.
whether, as found for AB diblocks, it is stable only in weakly (39) Rasmussen, K.: Kalosakas,Polym. Sci., Part 002 40, 1777
segregated systems. 1783.
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