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Morphology and phase diagram of complex block copolymers: ABC linear triblock copolymers
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Using a real space implementation of the self-consistent field theory for the polymeric system, we explore
microphases ofABC linear triblock copolymers. For the sake of numerical tractability, the calculation is
carried out in a two-dimension&2D) space. Seven microphases are found to be stable fokB triblock
copolymer in 2D, which include lamellae, hexagonal lattice, core-shell hexagonal lattice, tetragonal lattice,
lamellae with beads inside, lamellae with beads at the interface, and hexagonal phase with beads at the
interface. By systematically varying the composition, triangle phase diagrams are constructed for four classes
of typical triblock polymers in terms of the relative strengths of the interaction energies between different
species. In general, when both volume fractions and interaction energies of the three species are comparable,
lamellar phases are found to be the most stable. While one of the volume fractions is large, core-shell
hexagonal or tetragonal phases can be formed, depending on which of the blocks dominates. Furthermore,
more complex morphologies, such as lamellae with beads inside, lamellae with beads at the interface, and
hexagonal phases with beads at the interface compete for stability with lamellae structures, as the interaction
energies between distinct blocks become asymmetric. Our study provides guidance for the design of micro-
structures in complex block copolymers.
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[. INTRODUCTION copolymer, however, the microphase that can form signifi-
cantly depends on the sequence of the blocks, i.e., whether it
The ability of block copolymers to self-assemble into ais sequenced-B-C, B-C-A or C-A-B. In fact, recent ex-
variety of fascinating periodic nanoscale morphologies haperiments and theories have provided detailed evidence of
received much attention both experimentally and theoretithe profound effects of block sequencing on their equilibrium
cally. The simplest and most typical block copolymers aremorphologieq2-6].
linear AB diblock copolymers and their morphologies have  Several theoretical approaches have been used to describe
been studied for decades. Four equilibrium phases fothe microscopic morphologies for block copolymers. The
diblock copolymers, i.e., lamellae, complex gyroid, hexago{ andau mean field theory by Leibler in weak-segregation
nally packed cylinders, and body-centered-cubic spheresimit [7], the analytical approaches by Helfaf&, Semenov
have been found as the asymmetry in the composition of thgg] in strong-segregation limit, the density functional theory
blocks increases below the order-disorder transition temperabFT) of Ohta and KawasakKil0], and recent Monte Carlo
ture[1]. It is recognized both in experiment and theory thatsimulations for ABC star copolymers by Gemragal. [11],
the ordered morphologies &B diblock copolymers depend have proven to capture essential features of the phase behav-
on three tunable molecular parametefrs; the composition jor of block copolymers. Among these theoretical methods,
(volume fraction of block A, and xag, the Flory-Huggins weak and strong-segregation theories and DFT are all mean-
interaction parameter dependent on the temperature, reprifeld theory with a number of additional approximations.
senting interaction between the distifktand B segments, These approximations, however, lead to large inaccuracies in
and N, the total degree of polymerization of the diblock determining the phase structure both for diblock and triblock
copolymer. However, as the number of distinct blocks is in-copolymerd12,33. Monte Carlo simulation methods, on the
creased from two to three, sayBC triblock copolymers, other hand, are computationally expensive. To date, the most
both the complexity and variety of self-assembled structureaccurate mean-field theory to investigate and screen the mi-
are significantly increased. For triblock copolymers, the mi-crophase structure is the self-consistent field thé8GQFT).
crophases not only depend on the composition and the inteffhe Fourier space implementation of the SCFT was pro-
action energies between distinct blocks, but also on particuposed by Matsen and Schi¢k3], which allows the unifica-
lar molecular architectures. Therefore, distinctively newtion in weak and strong-segregation theories. This method is
features absent in diblock copolymers arise in triblock co-effective and precise, but need prior assumption of the
polymers. For instance, switching the sequence ofA#h  symmetry of the ordered structure, which makes it unsuitable
diblock copolymer toBA (diblock copolymer does not for the discovery of previously unknown microphases in
change the equilibrium phase diagram, forARC triblock ~ complex copolymers. To overcome this disadvantage, Drolet
and Fredrickson have recently proposed a new combinatorial
screening methofll4,15,33, which involves a direct imple-
mentation of SCFT in real space in an adaptive arbitrary cell
* Author to whom correspondence should be addressed; electron@nd proves very successful as applied to complex copolymer
address: fenggiu@fudan.edu.cn melts. A similar numerical methodology, which is based on
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DFT with some approximations in the strong-segregation re=1. Because the two ends of triblock chains are distinct, a
gime and does not require the assumption of the microphassecond end-segment distribution functign(r,s) is needed.
symmetry, was also used to explore the phase structure dfsatisfies Eq(1) only with the right-hand side multiplied by
variousABC triblock copolymer melt$18]. —1, and the initial conditiong™(r,N)=1. Accordingly the

In the mean field level, five tunable parameters, i.e., thepartition function of a single chain subject to the mean field
three interaction energies characterizegqyN, xgcN, and  wy(r), can be written a®= [drq(r,s)g* (r,s) in terms of
xacN, respectively, and two independent compositions ofg(r,s) andq™(r,s). Note thatQ is independent of the con-
componentsA and B, f, andfg (fc=1—f,—fg) are re- tour length parameter of the chaim,
quired to specify a lineaABC triblock copolymer compris- With the above description, the free energy of the system
ing three distinct blocks. Due to the large parameter spacis given by
controlling the morphologies and the difficulties in numerical
implementation, to date, theoretical investigation carried out
in this area is quite limited and the phase behavior is less
understood compared to the diblock countergdm®-19|.
Systematic investigations on how the phase behavior is re- +txscNdsdct xacNdadc— wada— wpds
lated to the molecular characteristics are still desired. Fur- _ 1= hr— b
thermore, most of the studies, either in thefit9] or experi- wede— 1= da=da=de)l, @

ments[2,3,20,2] only covered limited parameter space of where ¢, &g and ¢ are the monomer density field nor-

triblock cop_olymers, such as symmedric F“bIOCk COpOIyr.ners"malized by the local volume fractions &f B andC, respec-
One exception is the three-component triangle phase diagra

. m/ely. &(r) is the potential field that ensures the incompress-
for triblock copolymers reported by Zheng and Welg], ibility of the system, also known as a Lagrange multiplier.

using an approximate DFT developed by Ohta and Kawasalf\'llinimizin . i
A g the free energy in Eq(2) with respect tog, ,
[10,22. Unfortunately, the DFT they used was limited in the o bor wa, wg, 0, and£ leads to the following self-

strong segregation regime and failed when the volume fracz =’ . . . . o S .
tion of the middle block {g) is small.[16]. c?]n5|ste.nt field equations that describe the equilibrium mor
; . . : . ology:
In this article, we use a combinatorial screening method’
based on the real space implementation of the SCFT, origi- Y=y 2 aNba(r) + vaNb~(1)+ E(r 3
nally proposed by Drolet and Fredrickspt¥,15|, to search A1) =XasN @a(1)+ xacNbe(r) +£(1), ®
the equilibrium microphases &BC linear triblock copoly-

F/nkgT=— |n(Q/V)+(1/V)f dr{xasNéads

mer melts. Based on these microphases three-component tri- wg(r) = XaBNPA(r) + xgcNpc(r) +£(r), (4)
angle phase diagrams in the entire range of copolymer com-
positions are constructed. The influence of the compositions, wc(r)=xacN@a(r) + xscNeog(r) +&(r), 5
interaction energies between distinct blocks and their relative
strengths on the morphology is investigated systematically. Da(r)+ dg(r)+ de(r)=1, (6)

Moreover, our method foABC triblock copolymers recov-
ers the proper diblock limit for smaflg . V[N
n=yg . asarsate,
Il. THEORETICAL METHOD °

We considem linear ABC triblock copolymers each of V. [(fatfe)N
polymerizationN, with a volumeV and compositiongaver- ¢p(r)= N_Qj dsqr,s)q*(r,s), (8
age volume fractionsf, and fg (fc=1—f,—fg) respec- faN
tively. In the self-consistent mean-field theory, the many in-
teracting chains are reduced to that of independent chains V. (N N
subject to an externaimean field, created by the other ¢C(r):@ (fAHB)Ndsqr,s)q (r.s). ©)
chains. The fundamental quantity to be calculated in mean-
field studies is the polymer segment probability distribution The numerical implementation of the above self-

function,q(r,_s)_, represe_nti_ng the p“?bab‘”Fy Of_ finding S€0- consistent equations first proposed by Matsen and Schick has
ments at positionr. It sz_it|sf|es a modified diffusion equation o successfully used to calculate the phase behavior of
using a flexible Gaussian chain mod2B,24: diblock copolymers[13]. However, this method requires

aq(r,s) a? ) prior assumed mesophase symmetry and thus the discovery
s 6 v u(s)~[ya(S)wa(r)+ va(s)ws(r) of new complex morphologies is limited. Here we solve Egs.
(3)—(9) directly in real space by using a combinatorial
+ ye(S)we(r)]q(r,s), (1)  screening algorithm proposed by Drolet and Fredrickson

[14,15. The algorithm consists of randomly generating the
where a is the Kuhn length of the polymer segment andinitial values of the fieldsvk(r). Using a Crank-Nicholson
wy(r) is the self-consistent field representing the interactiorscheme and alternating-direct impli¢i&Dl) method[25],
exerted to the speciel€, and yx(s) is 1 if s belongs to the diffusion equations are then integrated to obtpiand
blocks K and 0 otherwise. The initial condition ig(r,0) g*, for 0=s=<1N. Next, the right-hand sides of Eq3)—(9)

031803-2



MORPHOLOGY AND PHASE DIAGRAM OF COMPLEX . .. PHYSICAL REVIEW B9, 031803 (2004

{a) (b} - (d}
e

and old solutions. These steps are repeated until the relativ -

free energy changes at each iteration are reducedtt. 10

(g)

(®) 0

should be noted that the simulation box size has been foun
to influence the final morphologiegl8]. Therefore each
minimization of the free energy is iterated with respect to FIG. 1. (Color onlineé Schematic ordered morphologies for
variety of reasonable sizes of the simulation cell to obtain théABC linear block copolymers(a) “Three-color” lamellar phase
equilibrium structures. In order to avoid the real space(LAM3); (b) hexagonal lattice phagelEX); (c) core-shell hexago-
method becoming trapped in a metastable state, randomal lattice phas€CSH); (d) two interpenetrating tetragonal lattice
noises are added on the fields to disturb the morphologphase (TEZ); (e) lamellar phase with beads inside (LAM
formed in the iterations. Furthermore, each minimization istBD-1); (f) lamellar phase with beads at the interface (LAM
run several times using different initial random guess of thet BD-1l); (g) hexagonal phase with beads at the interface
potential fieldsw,(r) to ensure that the exact equilibrium (HEX+BD).
morphology has been obtained. In this fashion, both typical
ordered morphologies and the triangle phase diagram for trie-A-B, respectively. If the binary interaction parameters
block copolymers can be obtained by systematically changy s, xgc and yac are different from each other, different
ing the values of the parameters. sequences of blocks will lead to different phase behaviors for
For the sake of numerical tractability, the implementationthe system, even with the same composition parameters. In
of the SCF equations is carried out in a two-dimensionabrder to facilitate examining the influence of the sequences
L,XLy cell with periodic boundary conditions. The chain and relative strengths of the interaction energies, we define
length of the polymers is fixed to be=100. The lattice the ratios of the interactions af;=xap/xac, R
spacings are chosen to de=dy=a, wherea is the Kuhn =y, /yac, respectively. Then the system may be classified
length of the polymer segment. Since the radius of gyrationnto four different classes in terms of relative strengths of the
of the polymer chain satisfieBg:NaZIB and typically the interaction energies(l) R;=R,=1, (2) R;>1, R,=1, (3)
microstructure period~ 2Ry, the lattice spacingex and R;<1, R,<1, and(4) R;<1, R,>1.
dy are ~0.1D. The typical lattice sized., and L, are
~10R,. Obviously, the results presented in this paper are _ _ _
subject to the 2D model, and hence may not obtain those A. Equal interaction energies(R;=R,=1)
intrinsic 3D structures, such as the cubic bcc and complex
tricontinuous gyroid structures. However, the 2D model is ] ) ) ) ) ) .
not necessarily artificial. In fact, the potential applications of Ve first discuss clasd), in which the interaction energies
complex block copolymers as nanolithographic templatesare equal between th('althree species. In this case t.he |_nfluence
membranes and precursors for quantum electronic arrays, of copolymer compositions on the morphology is highlighted
ten involve thin films with the thickness comparable to thedue to equal binary interactions between each block. The
radius of gyration of the block chains. Moreover, even in athree-component triangle phase diagram covering the whole
3D system, the microphases with translational invariancéange of copolymer compositions is shown in Fig. 2. We
along certain directions, such as lamellar and cylindricaconcentrate our study on more experimentally interested

are evaluated to obtain new expression values for the volum
fractions of blocksA, B, andC. &) is then chosen to be

E(N)=N[1=¢a(r)— ¢p(r)—dc(n)], (10

where\ is large enough to enforce the incompressibility of
the system, i.e., Eq6), and the resulting density profiles and
free energies should be independent of its particular valu
Finally, the potential fieldsk(r) and&(r) are updated using
Egs. (3)—(5) and (10) by means of a linear mixing of new

1. The influence of composition

phases, can also be investigated by a 2D model. intermediate-segregation regime because nonequilibrium ef-
fects are minimal, which will facilitate the comparison be-
Il RESULTS AND DISCUSSION tween the theory and experimd26]. Therefore we have set

xasN=xscN=xacN=35 in Fig. 2, which is sufficient for
Figure 1 shows all 2D microphases discovered in thighe triblock copolymer to microphase separate. The incre-
study for linearABC triblock copolymers. The morphology ment of the volume fraction$,, fg and f; in the phase
is represented in the form of density plots with intensitydiagram is 0.1. At each grid point, the equilibrium morpholo-
proportional to the compositiofvolume fraction of the tri-  gies are obtained in the way described in Sec. Il and repre-
block copolymers. Three different colors, blue, green and redented by schematic symbols.

are, respectively, assignedAg B andC blocks. For a clear In the center region of the phase diagram in Fig. 2, where
presentation of the final pattern, the linear dimensions of théhe volume fractions of the three components are compa-
unit cell are replicated 2 times in each direction. rable, “three color” lamellae (LAM) phases are formed,

For ABC linear triblock copolymers, three types of se- whose structure is shown in Fig(al. At nearly equal vol-
qguences can be formed, namel§-B-C, B-C-A, and ume fractions of the three speciésymmetric triblock co-
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andA forming the cores is also obtained near @eorner of

the phase diagram. Near tBecorner, where blockB are the
majority species, however, the stable phases have no internal
A/C interfaces, the system forms two interpenetrating tetrag-
onal lattice (TET) in a very limited region, as shown in
Fig. 1(d).

In those regions near the edges of the triangle phase dia-
gram in Fig. 2, where at least one of the volume fractions of
the three blocks is very small, the three edges become phase
diagrams forA-B (fo—0), A-C (fg—0) and B-C (f,

—0) diblock copolymers, respectively. Compared to the true
diblock copolymers, in which the two ends are not con-
strained, however, foABC triblock copolymers, the two
ends of the middle blocB are connected with either end of
the blocksA or C. Therefore, the phase behavior cannot be

1'50 90 02 08 04 B G 07 0F 0 00.0 expected to be exactly as those in diblock copolymers when
' ' ' ‘ ' f ‘ ‘ ‘ ‘ A one of the volume fractions is vanishing, but only whign
A —0, the ABC triblock copolymers would reproduce the

phase behavior of diblock copolymers, which is a limit not
FIG. 2. Phase diagram for x4sN =xpcN=xacN=35,1e. Ry properly treated by strong-segregation theofits]. In Fig.
=R,=1. |]]] lamellae (LAM;); [wo inferpenetraling 5 nagr theAC edge, the sequence of ordered morphologies
tetragonal latiice (TET); [ core-shell hexagonal lattice oy core shell hexagonatlamellar phases as the com-
(CSH); hexagonal lattice (HEX); O disordered phase i, . .
(DIS). posmo.n of' one of the end blocks increases. The phase.dla—
gram in Fig. 2 clearly shows a reflection symmetry with
_ respect to the vertical line wheifg =f- and thus switching
polymers,fa~fg=Tfc), the LAM3 phase with two character- o sequences of the outer blooksand C (ABC— CBA)
istic lamellar widths are observed, i.eD,~Dc~2Dg,  does not alter the phase symmetry obtained. However, this
where Dy, Dg, and D¢ are widths of theA, B, andC  ryje will break when the binary interactions between the spe-

Iamellae, respectivelly. The same morpholpgy was alsp Pr&sies become asymmetry s+ xsc), and will be discussed
dicted by Matsen using the Fourier space implementation of.

the SCFT[12] and by Zheng and Wang using the strong E I _
: or symmetric triblock copolymers, whefe=f., as the
segregation theory16]. Recently, the LAM phase was ob- volume fraction fg increases, the ordered microphases

served in a polgstyreneb-isopreneb-ethylene oxidg melt .
. .. change from LAM to TET, and finally to HEX phases, as
[5]. We note that when one of the volume fractions, either hown in Figs. (), 1(d), and 1b), respectively. This is a

fp, or fg, or fc approaches zero, the copolymer reduces tg O ; . . .
a diblock copolymer and thus microphase separates intg_'p'caI route investigated in experimeri®3,21 and theo-

“two-color” lamellae (LAM,) morphology. For middle ries[15,19. The TET, phase cc.)nsists. of two interpenetrgting
block copolymersB forming the minority speciesf&=<0.1, tetragonal Iattl_ces of\- andC—rlch cylinders embedded in a
for examplg, most of them are enriched at the interfacesmatrix of B. Itis noted that agg increases, the TETphase
between the two majority components andC blocks. On  competes for stability between the LAMand HEX mor-
the contrary, forf, or fc<0.1, the minority componenta  phologies. There are also experimeniP1,2§ and theoret-
or C dissolve in the lamellae of the middle blo&in the  ical[19] results showing a similar phase, composed@ind
B/C or B/A lamellae at thisyN. C cylinders tetragonal arranged within tBematrix. Appar-
Meanwhile, hexagonally packed lattildEX) phases are ently, the TET phase is absent iAB diblock copolymers.
found at the corneB of the triangle phase diagram, where These phenomena arise from the special characteristic of tri-
the middle blockB dominates. In these microphases, theblock copolymers. Thé- andC-rich spheres must be placed
majority species of the middle block form the matrix, while close together because tBemiddle block copolymers have
the two minority components are mixed together to form theto bridge between them. Afl; further increases, the system
hexagonal lattice[Fig. 1(b)]. This morphology, however, chooses the HEX morphology because the hexagonal ar-
have been reported not to arrange hexagonally but rather amangement can fill the space very well. The balance of these
a square lattice in the limit of strong segregatid®,19.  two effects is responsible for choosing tetragonal or hexago-
Near corner#\ andC, the morphology of core-shell hexago- nal lattice phase. The transitions from LAMo TET, and
nal (CSH phase occur§Fig. 1 (c)], which is in agreement from TET, to HEX occur atfz=0.55 andfz=0.65 (both
with the experimental findingis},27]. In the CSH phase, the with f,=fc), respectively. The region with TETphases
majority specie®\, which is one of the end blocks, forms the expands with the increase of the degree of segregaiion
matrix, while the minority species, the block, forms inner crease ofyN). We note that further increasirfg result in a
cores, and the middle blocR forms the shells around the disordered melt without passing through a CsCI structure
cores. A similar CSH phase with block forming the matrix  that was found in Ref[16]. In fact, the CsCl phase is an
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f, f,
FIG. 3. Phase diagram for y4pN =xpcN=xacN =55, ie., R, FIG. 4. Phase diagram for x,zN =78, xgcN =76, xacN =20,

=R,=1. [ lamellae (LAM;); two interpenetrating e, R,=39,R,=3.8. I  lamellac (LAM;); [ lamellae
tetragonal lattice (TET,); [@  core-shell hexagonal lattice with beads at the interface (LAM+BD—1I); [  hexagonal
(CSH); 0 lamellae with beads inside (LAM-+BD—D); phase with beads at the interface (HEX+BD); hexagonal
O disordered phase (DIS). lattice (HEX); [0 disordered phase (DIS).

intrinsic 3D structure and is not able to be distinguished fro

Myegree of segregatiogN. A similar morphology has been
the TET, structure in the present 2D treatment. g gregatiox P Wy

observed by Zheng and Wah@6] in a theoretical treatment
for ABC triblock copolymers using an approximate DFT
method in the strong-segregation limit, rather than SCFT,
As Matsen has pointed out, values pR tend to affect and the region for this morphology appears at a smaller vol-
the degree of segregati¢m2]. With increasing segregation, ume fraction (-<0.1 orf,<0.1).
the local concentratiofvolume fraction of the majority spe-
cies in each domain reaches larger values and domain spac-
ing increases while the interfacial width decreases. There-
fore, in the weak and intermediate-segregation regions, In this section we discuss the three classe#\BfC tri-
different values of interaction energigd\ become signifi- block copolymers with nonequal interaction energies be-
cant in determining the morphology AB C triblock copoly-  tween the three species to focus on the influence of the asym-
mers, just as that in diblock copolymdig,29). To illustrate  metry of the interaction energy and the sequence of three
the influence ofyN on the morphology, the triangle phase blocks on the phase behavior.
diagram with a higher degree of segregation is shown in Fig. Class (2) R;>1, R,=1. In this case, interactions be-
3 where yagN=xgcN=xacN=55. Compared to Fig. 2, tween the end and middle block&{B andB-C) are more
well-separated LAM phases have now been observed. Theunfavorable than that between the two end blocksQ).
reason is that the segregation is strong enough so the previherefore, theA/C interfaces are possible to be formed al-
ously (at a loweryN value mixed phase regions now start to though there are na-C chemical junctions. Figure 4 shows
phase separate to form three distinct phases. Furthermore, tiiee phase diagram fogagN=78, xgcN=76, xacN=20,
stability region of the TEJ phase is greatly enlarged. For and thusR,=3.9, R,=3.8. In Fig. 4, near the edge &C
fa=fc, the transition from LAM to TET, occurs atfg  (wherefg is relatively small, the system tends to form mor-
=0.55 in Fig. 3, which is the same as that in Fig. 2. phologies such a# and C lamellae with circular beads of
Near theAB (BC) edge of the triangle diagram in Fig. 3, minority B blocks located at theA/C interfaces (LAM
where the volume fraction of one of the end blodks(f ) +BD—II) or hexagonal lattice witlB beads at the interfaces
is no more than 0.1, when 0.255=<0.55, a lamella-bead (HEX+BD), whose structures are schematically shown in
(LAM +BD-1) phase occurs to compete for stability with Figs. 1f) and 1g), respectively. It is interesting to compare
lamellar phases. As shown in Fig(el, the LAM+BD—| these two predicted stable phases with the experimental find-
phase is composed & (A) beads regularly lined inside the ings by Stadleretal. [30], who studied polistyrene-
B lamellae of theA/B (B/C) lamellae phase. Reducing un- b-butadienes-methyl methacrylate (PS-PB-PMMA, in
favorable contacts is the main driving force to form thiswhich PS and PMMA are weakly incompatible while they
structure. It is obvious that this morphology, which is absentoth show a pronounced incompatibility toward PB. It was
in Fig. 2 with lower yN, is enhanced with increasing the found that the PB midblock7 and 12 wt. % forms helical

2. Effects of the degree of segregation (the magnitudexdfl)

B. Nonequal interaction energies
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strands surrounding the PS cylindé2$ and 26 wt. % that

are imbedded in the PMMA matrix, which is an intrinsic 3D
structure. However, if the ultrathin section was along the
main axis of the PS cylinders, a structure similar to LAM
+BD— Il was observed; while if the section was perpendicu-
lar to the PS cylinders, HEXBD phase was obtained. Since
the two sections are all stable phases in 2D, it is reasonable
to speculate that the helical structure is indeed a stable phas
in 3D.

Furthermore, in Fig. 4, near cornefsand C, whenfg
=0.1, orfg=0.2, the HEX+-BD phase competes for stabil-
ity with the core-shell morphologyCSH), due to more fa-
vorable contacts between the blocksandC, as compared
to strong incompatibility between th&B and BC contacts.
The transition from HEX BD to CSH structures was also
observed in experiments for the system of PS-PB-PMMA 0 0.0
with very short PB blocks by Krappet al. [30,31]. Similar Oé 41 D2 08 04 0s oF DF D8 02 R
to our calculations, this morphology results from the rela- fA

tively weak incompatibility between the two end blocks PS

and PMMA. FIG. 5. Phase diagram for y,3N =20, xgcN =76, xacN=178,
ie, R;=03,R,=10. M lamellaec (LAM;); two in-
terpenetrating tetragonal lattice (TET,); core-shell hexago-
nal lattice (CSH); hexagonal lattice (HEX).

It should be pointed out that in the case of equal interac
tion energies in Fig. 3, however, the midd3eblocks always
form layers in between th& and C domains(either LAM;
or CSH structures We also note that although the morphol-
ogy of the LAM+BD—II [Fig. 1(f)] phase has an appear- cial energy. The relatively weaker incompatibility between
ance similar to that of LAM-BD—1 [Fig. 1(e)] previously  the A and B blocks is responsible for the formation of the
observed in Fig. 3, they are different structures. In the formeCSH phase. Obviously, the region of this core-shell type
phase, the circular beads are formed by the middle blockgorphology will expand with reducing; . It is interesting
and thus are located at the interfaces of the lamellae como note that with similar ratios of the interaction energies, a
prising the end blocks, while in the latter phase, the beads afgbaxial cylinder phase was found by an analytical treatment
constructed by one of the end blocks(C) and thereby are in the strong-segregation lim[tl6], which is just the 3D
embedded in theB lamellae of theB/C (B/A) lamellae  version of the CSH structure.
stacking. Comparing Fig. 5 with Fig. 4, the phase diagram in Fig. 5

In general, for these morphologies, the formation of theis obtained by simply changing the block sequence of the
interface betweeA andC blocks is possible, due to the less triblock copolymer in Fig. 4, i.e., fron\-B-C to A-C-B.
incompatibility between the block& andC. Therefore, the The different phase behavior observed in Fig. 4 and Fig. 5
region for LAM+BD— 1l phase expands with the decreaseillustrates the effect of the block sequencing in linear triblock
of xacN and such effects will become even significant atcopolymers. In particular, when the volume fractions of three
stronger degree of segregation. components are comparable, lamellae phase is found in Fig.

Another characteristic feature resulting from the weak in-4 in contrast to core-shell structure in Fig. 5. We note that in
compatibility between thé andC block copolymers is that the strong-segregation limit the same effect has also been
the morphology changes from TETo HEX near corneB, examined by Zheng and Wan@6]. Experimentally, a lamel-
where blocksB form the matrix. In this case, one of the lar phase in 1:1:1 poljsopreneb-styreneb-2-vinylpyridine)
relatively short end block# (C) can mix with another end (ISP) has been observed by Moet al. [2,3,20, while a
block C (A) due to less unfavorable interaction between thecoaxial cylinder phase was found in SIP by Gielbal. [4],

A andC blocks and thus form cores embedded in the matrixwhich shows the crucial dependence of the phase behavior of
of middle blockB, to minimize the interfacial energies be- triblock copolymers on the sequencing of their blocks. Our

tween the middle and end blocks. calculation based upon SCFT confirms these experimental
Class (3) R;<1, R,=<1. In this case, the interaction en- phenomena.
ergy between the two end blocksand C is more unfavor- Class (4) R;<1, R,>1. In this case, th8 andC blocks

able than that oAB andBC contacts. The morphology that are more incompatible thak andB blocks. The system thus
can avoid theA/C interface is favored and thus the region of prefers the morphology that increases interfacial contacts be-
the CSH phases expands. Figure 5 presents the phase diareen theA andB blocks as well as reduces the unfavorable
gram for yagN=20, xgcN=76, and yocN=78, i.e., R;  contacts between tH& andC species to balance the increase
=0.3, R,=1.0. Near theAB edge, wheref-<0.35, f,  in the stretching energies. Figure 6 presents the phase dia-
>0.3, CSH structures are formed, with t8eblock forming  gram for xagN=25, xgcN=80, and yacN=60, i.e., R;

the cores, the middIB blocks forming the shells, and tie  =0.4, R,=1.3. When blocksB are the majority species
blocks being the matrix, in order to achieve a lower interfa-(fg=0.5, 0.2<f,=<0.4), LAM+BD~1 phase occurs due to
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FIG. 6. Phase diagram for x,zN =25, xgcN =80, x,cN =160,

ie,R,;=04, R,=13. core-shell hexagonal lattice (CSH);
111} lamellae (LAM;); E1] lamellae with beads inside
(LAM+BD-1D); two interpenetrating tetragonal lattice
(TET,); hexagonal lattice (HEX).

the strong unfavorable contacts between bld8kandC. In

contrast, in Fig. 3, LAM phase is found in this region. Fur-
thermore, CSH morphology near theB edge of the phase
diagram (,=0.5) is observed and avoiding the interface
between thé\ andC blocks is the main driving force for this

phase.

IV. CONCLUSIONS

PHYSICAL REVIEW B9, 031803 (2004

tice, core-shell hexagonal lattice, tetragonal lattice, lamellae
with beads inside, lamellae with beads located at interfaces,
and hexagonal phase with beads at interfaces. By systemati-
cally varying the composition, triangle phase diagrams are
constructed for four classes of typical triblock copolymers in
terms of the relative strengths of the interaction energies be-
tween different species. The ordered morphologies of the
ABC triblock copolymers not only depend on the composi-
tion, but also on the degree of segregatigalues of yN)
significantly. In general, when both the volume fractions and
interaction energies of the three species are comparable,
lamellar phases are found to be the most stable. While if one
of the volume fractions is large, core-shell hexagonal or te-
tragonal phase can be formed, depending on which of the
blocks dominates. Furthermore, more complex morpholo-
gies, such as lamellae with beads inside, lamellae with beads
at the interface, and hexagonal phase with beads at the inter-
face compete for stability with lamellae structures, as the
interaction energies between distinct blocks become asym-
metric. When the interaction energies between the three spe-
cies are different to each other, the sequence of the blocks
affects the phase behavior significantly. In particular, by
switching the middle block and one of the end blocks, a
change from lamellar phase to core-shell hexagonal phase is
predicted for a typical class oABC triblock copolymers,
which is indeed the case for most of the experiments ex-
plored. The triangle phase diagrams we present may be guid-
ance to designing the desired phase structures in terms of the
composition of theABC triblock copolymers, the values of
interaction energies and their relative strengths.
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