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ABSTRACT: The phase behavior of ABCD tetrablock copolymer melts is studied using self-consistent
mean-field theory. In particular, the noncentrosymmetric (NCS) lamellar phase (with sequence
...ABCDABCD...) and the centrosymmetric (CS) lamellar phase (...ABCDDCBA...) are examined in two
cases. First, an enthalpically stabilized NCS lamellar phase is investigated by varying the interaction
between the A and D blocks from repulsive to attractive while keeping all block lengths equal. In the
second case, an entropically stabilized NCS lamellar phase is investigated by changing the lengths of the
two end blocks, which are taken to be chemically identical (ABCA tetrablock melt). In both cases, the
NCS phase is found in regions of the phase diagram, and direct disorder to NCS transitions are possible.
In addition, two partially mixed centrosymmetric (MCS) lamellar phases are observed between the
disordered and fully ordered (NCS and CS) phases. This study extends our previous work on triblock—
diblock blends which revealed an entropically stabilized noncentrosymmetric lamellar phase.

1. Introduction

Noncentrosymmetric (NCS) materials, which lack a
center of symmetry in the absence of an external
polarizing field, are rare in nature but have many
potential applications, from piezoelectric materials? to
optical second harmonic generations.?3 This technolog-
ical potential has resulted in great interest in NCS
materials.1~® Recent experiments have demonstrated
the possibility of a self-assembled NCS phase in block
copolymer blends.® Block copolymers consist of two or
more covalently bonded subchains, or blocks, of chemi-
cally distinct monomers.” The competition between the
constraint that the blocks are attached in a specific
architecture and the repulsion between the unlike
blocks leads to the formation of various ordered struc-
tures with periods of the order of tens of nanometers.23
Furthermore, block copolymers can be tailor-made to
attain the properties of a specific application. For
example, the length of segments and overall degree of
polymerization can be tuned to produce a specific
wavelength for second harmonic generation.® NCS
structures created using block copolymers have been
shown to have longer periods than those created previ-
ously using small molecules.?2 The dielectric properties
of the blocks can also be tailored. In addition, since block
copolymers self-assemble into ordered periodic struc-
tures, no microfabrication techniques are necessary to
produce the desired structure. The major obstacle to
their use in practical applications is the absence of long-
range order in the self-assembled structures. Achieving
long range order in block copolymers presents a major
challenge, and active research is being carried out.”8

Pure diblock copolymer melts have a well-known
phase diagram,® exhibiting lamellar, hexagonally packed
cylindrical, body-centered cubic spherical and gyroid
phases. All of these structures are centrosymmetric.
Pure triblock copolymer melts can form a variety of
phases (see refs 10 and 11), but almost all of these
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phases also have a center of symmetry.*? The experi-
ments in ref 6 on blends of ABC triblock and ac diblock
copolymers demonstrated the formation of NCS struc-
tures not previously accessible using pure triblock
melts.!! Here A, B, and C refer to the chemical species
of each block on the triblock and a and c those on the
diblock. Only lamellar structures were reported in these
experiments. The NCS lamellar phase in ABC and ac
blends has been studied using self-consistent mean-field
theory (SCMFT),! as well as strong segregation
theory.13-15 With the complexity of the phase diagrams
for blends, as well as for multiblock copolymers, theo-
retical phase diagrams will be useful to experimental
searches for the NCS structure. Reference 1 indicates
the existence of a NCS lamellar phase in the blend
phase space, but for the majority of the phase space
there is two-phase coexistence between NCS and cen-
trosymmetric phases. This behavior is consistent with
the experimental results.® When producing a NCS
phase, it is desirable to have a direct transition from
the disordered to NCS phase in order to avoid the
possibility that the system becomes kinetically trapped
in an intermediate phase. In the blend system, such
direct transitions do not occur. To address both of these
issues, the existence of NCS lamellar phases in linear
ABCD tetrablock copolymer melts is investigated using
SCMFT. The presence of a fourth block creates an added
complexity to the phase diagram.617 It also provides
the opportunity for the formation of a pure NCS phase,
as demonstrated by this work and in recent experi-
ments.1819

Figure 1 depicts the possible lamellar structures
formed by ABCD tetrablock copolymer melts. The first
two structures are the fully ordered, centrosymmetric
(CS) and noncentrosymmetric (NCS), lamellar phases.
The three additional lamellar structures are partially
ordered phases which are examined in this study.
Lamellar CS and NCS phases in ABCD and ABCA
tetrablock melts have been recently observed in experi-
ments by Takano et al.181° From an enthalpic perspec-
tive, an attractive interaction between the outer A and
D blocks?0 should favor the sequence (...ABCDABCD...)
leading to a NCS lamellar phase. The attractive A—D
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Figure 1. Possible lamellar structures for ABCD tetrablock
copolymer melts. The fully ordered structures are (a) cen-
trosymmetric (CS) and (b) noncentrosymmetric (NCS). There
are three possible partially ordered (mixed) lamellar struc-
tures, (c) mixed centrosymmetric BC (MCS BC), (d) mixed
centrosymmetric AB (MCS AB) and (e) mixed centrosymmetric
AC (MCS AC).

interaction is represented by a negative Flory—Huggins
parameter yap in the theory. Previous theoretical stud-
ies11315 demonstrated that it is also possible to stabilize
a NCS lamellar phase through an entropic mechanism.
In the current study, the entropic effects are investi-
gated by varying the compositions of the outer blocks
for the case of ABCA tetrablock copolymer melts (A and
D blocks being chemically identical). For simplicity, the
investigations are limited to lamellar structures. We
compare our results to recent experiments.18:19

2. Self-Consistent Mean-Field Theory

We consider an incompressible ABCD tetrablock
copolymer melt in a volume V. The degree of polymer-
ization of the tetrablock is N, with each block having a
degree of polymerization f,N with a = A, B, C, or D.
The composition variables, fy, satisfy fa + fg + fc + fp
= 1. Distances are scaled by the Gaussian radius of
gyration for the tetrablock, Ry = b(N/6)Y2. For simplicity,
the monomer statistical Kuhn length b and the bulk
monomer density po are assumed to be the same for all
four chemical species. The chain arc length is scaled by
the tetrablock degree of polymerization N.

Beginning with the many-chain Edwards Hamilto-
nian, the free-energy F of the melt can be derived in
the mean-field approximation.?! The suitably scaled
free-energy density f at temperature T has the form

L NF o1
VKTV

1
dr[ EO;X(;/;%(F)%(F) -
a=A;c,D wa(r)%(r)} — In Qo] (1)

where ¢4(r) denotes the volume fraction of o monomers
at position r. The monomer—monomer interactions are
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modeled by the six Flory—Huggins parameters yag, xac,
%AD, XBC, XBD, and xcp.

In eq 1, Q[w] is the partition function of a single
tetrablock copolymer interacting with the mean-fields
wq(r). This partition function may be written in terms
of the propagators Q(r, s|r'), which give the probability
that the oo monomer at arc length s is at position r, given
that the a monomer at arc length O is at r":

Qlw] = & [ dry-+-drsQu(ry, fAlF)Qg(r folrs)
Qc(rs, felry)Qp(ry folrs) (2)

The factors of 1/V are inserted above for convenience.
The propagators satisfy the modified diffusion equation

21 SIF) = VA Q,(r, SIF) — 0, (NQ,(F, SIF)  (3)
with the initial condition
Qu(r, 0lF) = o(r = r') @

In the mean-field approximation, the fields w, are
related to the monomer volume fractions ¢, through the
following relations:

wp(r) =
%aN ¢a(r) + xacN ¢c(r) + xapN ¢p(r) + 5(r) (5)

wg(r) =
%aN @a(r) + xgcN dc(r) + xgpN ¢p(r) + 5(r) (6)

wc(r) =
XacN da(r) + xecN ¢(r) + xcpNep(r) + n(r) (7)

wp(r) =
XnoN @a(r) + xgpN ¢g(r) + xcoN ¢c(r) + n(r) (8)

where the field »(r) is to be adjusted to enforce the
incompressibility condition:

Pa(r) + ¢g(r) + ¢c(r) + ¢p(r) =1 9)

The monomer volume fractions are, in turn, related to
the functional derivative of In Q[w]:

_ A InQ[w]
b, () = V—éa)a(r) (10)

These functional derivatives are evaluated using eqs
2—4.

Equations 5—10 form a set of self-consistent equations
between the ¢, and the w,. The exact mean-field solution
for a given point in the phase space can be obtained from
these equations using numerical methods. The method
of solution involves selecting a set of basis functions
appropriate to the periodic structure to be examined.
The theory is then re-formulated in terms of expansion
coefficients using these basis functions.® Using initial
guesses for the period, D, and monomer profiles, ¢, of
the structure, the reciprocal space versions of eqs 5—10
are solved iteratively to obtain the mean-field profiles
and free-energy density f corresponding to the chosen
D. This procedure is repeated for different choices of D
to yield a minimum free-energy density at the system’s
preferred period. The numerical procedure and the
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reciprocal space formulation are discussed in more
detail in refs 9, 22, and 23. For each possible structure,
the above calculation must be performed to find the
preferred period and minimal free-energy density for
each point in phase space. These free-energy densities
are compared and the structure with the lowest f at that
point in phase space is the equilibrium structure.

A pure triblock copolymer melt can form many dif-
ferent periodic structures.1%1! The number of structures
formed by tetrablock copolymers is even larger, with a
much larger parameter space. Our current investigation
focuses on the study of lamellar phases. This reduces
the problem to a one-dimensional structure, with cosines
and sines as basis functions. The monomer volume
fractions and the mean-fields for a lamellar modulation
chosen to be along the z-axis are given by

* 27N > ~[27n
$a(2) =y o0y cos|——z| + Y ¢sin[—z] (11)
n= ' D n= ' D

<) 00

0y(2) =

2N _ [27n
0 cos|—z|+ Y 0¥ sinl—z| (12)
’ D ' D

n=

where qbff?n and ¢fj)n are the respective Fourier ampli-
tudes of the cosines and sines for the monomer volume

fractions, and 0, and ), for the mean-fields. These
amplitudes are determined self-consistently from eqs
5—10. The noncentrosymmetric phase was obtained
using both sines and cosines and an initial monomer
profile that was NCS (.ABCDABCD...) to begin
the iteration procedure. Centrosymmetric phases
(...ABCDDCBA...) have only cosines as basis functions

(d)fj)n = wfj)n = 0 0 o, n). Additional lamellar structures
will be discussed in the next section.

In the numerical computation the number of basis
functions used in the expansions 11 and 12 is finite.
Greater accuracy in the free energy density is achieved
by increasing the number of basis functions, but at a
computational cost in time and memory. The number
of basis functions in the computation of the free-energy
density, which is O(1), is selected to achieve an accuracy
of 1076, This level of accuracy is sufficient to resolve the
free-energy differences between the various phases. For
example, at yN = 32, convergence of the CS and MCS
phases require 25 basis functions for this accuracy,
while the NCS phase requires 50 (25 sines and 25
cosines). The number of basis functions needed increases
as a function of yN and the complexity of the phases.

3. Results and Discussion

The parameter space for the tetrablock copolymer
system is extremely large: yae, xac, XAD, XBC: XBD, XCDs
N, fa, fg, and fc can all be varied independently.
Conducting a full search of the phase diagram for the
system is beyond the scope of the present work. Instead,
only lamellar structures (as depicted in Figure 1) are
considered in the current paper. With judicious selec-
tions for the parameters, it should be possible, using
previous studies?10 as guides, to restrict the study to
the lamellar region of the phase diagram.

We examine two mechanisms for the formation of the
NCS lamellar phase. The enthalpically stabilized NCS
lamellar phase is investigated by changing the interac-
tion parameter between the A and D blocks, yap (see
Figure 2), while keeping block compositions fixed. All
the other yqp are kept equal to each other, thus y.s = %
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Figure 2. Mean-field phase diagram for ABCD tetrablock
copolymer melts with f, = 1/,. The Flory—Huggins parameters
are yqp = x except yap.

except yap. While keeping all x5 equal may not repre-
sent a physical block copolymer system, this choice
allows us to focus on the effect of the interaction
between the outer blocks. Extension of the calculations
to block copolymers with different Flory—Huggins pa-
rameters is straightforward. Using the lamellar behav-
ior of diblocks as a reference,!? all four block composi-
tions are set equal (fa = fg = fc = fp = 0.25). The
equality of the tetrablock compositions prevents curved
interfaces so that layered structures should prevail.

The entropically stabilized NCS lamellar phase is
investigated by changing block compositions for a
special class of tetrablocks (ABCA). The outer blocks are
chemically identical, given by yap = 0, while the inner
block enthalpic interactions are kept equal, yag = xac
= yBc = xBD = Ycp = x- The inner B and C block
compositions are kept equal (fg = fc) in the entropic
study such that lamellar phases are favored.

3.1. Enthalpic Effects. The NCS lamellar phase
(...ABCDABCD...) will have a lower free energy than the
CS lamellar phase (...ABCDDCBA...) when the system
has a preference for the A:D interfaces. An attractive
interaction between the A and D blocks?° should favor
A:D interfaces. Previous studies?~> have argued that the
chemical interactions required to achieve this attrac-
tion?® are also necessary for electronic applications
requiring ferroelectric, piezoelectric and pyroelectric
behavior. To examine the effect of the A—D interaction,
xap IS varied from slightly negative (A and D blocks
attract each other) to slightly positive (repulsive inter-
actions between the A and D blocks). Throughout this
range, llyapll < llyll. SCMFT calculations for this system
yield a phase diagram in the yapN — %N plane as shown
in Figure 2.

At low ¥N, the system is in a disordered state. The
order—disorder transition boundary (yN)opr follows
approximately a straight line, changing from (yN)opr
~225at XADN =—5to (XN)ODT =~ 26 at )CADN =5.The
values of (yN)opr are higher than that for diblock
copolymers.® As we increase yN, the first ordered phase
in this phase diagram is a mixed centrosymmetric (MCS
BC) phase (see Figure 1c), where the two outer blocks
are still mixed together, as are the two inner blocks (B
and C). The monomer density profile for this phase is
shown in Figure 3. In this region of the phase diagram,
the block interactions are strong enough such that a
fully disordered phase is not favored. On the other hand,
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Figure 3. Monomer density profile of the mixed centrosym-
metric BC lamellar phase (MCS BC) of the ABCD tetrablock
copolymer melt with f, = Y4, yN = 28,y,0N = 0.3.

%N is not large enough to separate the B and C blocks,
leading to a mixed phase (MCS BC).

As yN is increased, the B and C blocks will separate.
The transition to fully separated phases has very
different behavior depending on whether yap is negative
or positive, with additional complexity near yap = 0. The
NCS phase is observed in a large region of phase space
where the A and D blocks are attracted to each other
and all other yN > 31.5. The presence of the NCS phase
is intuitively obvious since a negative yap favors inter-
faces between the A and D blocks vs A:A and D:D
interfaces. In the region where yapN > 0, the system
does not prefer A:D interfaces, thus the CS phase
becomes favored. The monomer density profile for the
CS phase is shown in Figure 4a, and the NCS phase
profile is shown in Figure 4b.

For the special case where yapN = 0, the system
becomes an ABCA tetrablock copolymer melt, since the
Kuhn length and bulk monomer densities are assumed
equal for all chemical species. In this case there is no
enthalpic gain for the NCS structure over the CS
structure. Thus, it is a surprise that at yN > 31.3, the
NCS structure has the lower free energy density. The
NCS lamellar phase for ABCA copolymers will be
studied in greater detail in the next section (on entropic
effects). The occurrence of the NCS phase in the region
xapN > 0, for a small range around yN = 31.5, indicates
that the entropic effects for ABCA tetrablock copolymers
are strong enough to overcome a slight enthalpic penalty
between the outer blocks for ABCD tetrablocks.

Turning back to the yap < 0 region, it is interesting
to see if a direct disorder to NCS phase transition is
possible. In Figure 2, the MCS BC phase is observed
between the disordered and NCS phases. For a given
value of yapN, increasing yscN from the common yN
should lead to the separation of the B and C blocks, thus
destabilizing the MCS BC phase. This may yield a direct
disorder to NCS phase transition. From Figure 2, there
are three areas of the phase diagram which may exhibit
different behavior when ygc is varied from y. First, a
cut in the region yap < 0 can be examined. Second,
investigating the yap = 0 cut of the phase diagram
(ABCA tetrablocks) may yield different behavior from
the first case. Third, the lip region of the NCS phase
can be investigated, where the interaction between A
the D blocks is slightly repulsive. The mean-field results
for these different cuts are shown in Figure 5.
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0,

Figure 4. Monomer density profiles for the ABCD tetrablock
copolymer melt with f, = /4, yaoN = 0.3 for (a) one period of
the centrosymmetric (CS) lamellar phase at yN = 35, and (b)
two periods of the noncentrosymmetric (NCS) lamellar phase
at yN = 32.3. For both sets of profiles, the solid line represents
¢a(2), the dashed line ¢g(z), the dotted line ¢c(z), and the dash—
dotted line ¢p(z), respectively.

The phase diagram for the first of these cuts is shown
in Figure 5a for yapN = — 5.0. As expected, the MCS
BC region decreases in size as yscN increases (left to
right in Figure 5a). The increase in repulsion between
the B and C blocks eventually overcomes both the
enthalpic gain from mixing the A and D blocks and the
entropic penalty from stretching to a fully ordered
arrangement. This is reflected in the increasing value
for (N)opt and the decreasing yN at the transition to
the NCS phase as yscN increases. Correspondingly, the
NCS region becomes larger, resulting in a direct disor-
der to NCS phase transition in a small window in the
phase diagram around yscN = 42. Interestingly, a new
mixed phase, MCS AB (see Figure 1d), exists at large
values of ygc and small values of yN. The monomer
density profile for the MCS AB phase is shown in Figure
6. As yecN increases, it eventually becomes strong
enough to demix the B and C blocks. When this occurs,
the outer blocks are taken into these domains, mixing
the A with B and C with D blocks. Examining the
amplitudes of the monomer densities in Figure 6, there
is still a substantial degree of mixing between the A and
D blocks in the MCS AB phase. The MCS AB phase is
much different than the MCS BC phase as is evident
by comparing Figures 3 and 6.2*

The second cut is taken for the special case of ABCA
tetrablocks, yap = 0. The mean-field phase diagram for
this case is nearly identical to the previous cut (Figure
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Figure 5. Mean-field phase diagram for the ABCD tetrablock
copolymer melt with f, = ¥/,. The Flory—Huggins parameters
are yos = x except ysc and yap. (a) First cut from Figure 2,
xaoN = —5. Qualitatively similar to second cut at yapN = 0.
(b) Third cut from Figure 2, along yaoN = 0.3.
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Figure 6. Monomer density profile for the mixed centrosym-
metric AB lamellar phase (MCS AB) of the ABCD tetrablock
copolymer melt with f, = ¥/,. The Flory—Huggins parameters
are Xu/gN = XN = 26, XBCN =43, XADN =—5.0.

5a), with a slightly larger window in the phase space
for the direct disorder-to-NCS transition (still centered
around yscN = 42). The presence of the NCS phase
implies that the symmetric ABCA prefers interfaces
between Al and A2 rather than Al:Al and A2:A2
interfaces (the number denotes block sequence (A1)BC-
(A2)), indicating entropic effects which favor the NCS
lamellar phase. The ABCA system will be investigated
further in the next section. It is interesting to note that
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Figure 7. Free energy curves for each accessible lamellar
phase for the ABCD tetrablock copolymer melt with f, = %/,.
The Flory Huggins parameters are y.s = x except yapN = 0.3.
The free energies are shown relative to the NCS free energy.

the ABCA phase diagram does not show a CS phase,
even at higher yN and higher yscN.

The phase diagram for the third cut in the ygcN —
N plane at yapN = 0.3 is shown in Figure 5b. A CS
phase region is found for high y¥N, which slightly
increases in size for larger ygcN. The window for the
direct disorder-to-NCS transition is slightly larger than
for the previous two cuts, and is centered around ygcN
=~ 41.5. The size of the NCS phase region increases with
increasing yecN, but not to the degree shown in the
previous two phase diagrams. As well, for values of ygcN
< 29, the NCS phase is not seen for any value of yN. It
is interesting that below yN = 27, the MCS BC to
disorder to MCS AB behavior is identical for all three
cuts. This indicates that these transitions are relatively
independent of yap.

The phase diagram shown in Figure 5b exhibits
transitions between disorder to MCS BC to NCS to CS.
The free energy differences between these phases near
the transitions are shown in Figure 7. The small
differences between the free energies require a high
precision in computation. The transitions shown here
are all first order, whereas there exists a second-order
critical point in the ABC/ac blends.?

3.2. Entropic Effects. To investigate the entropic
effects in the formation of the NCS lamellar phase, the
compositions of the outer blocks in an ABCA tetrablock
copolymer melt are varied. The effect of changing
compositions on the phase behavior shown in Figures
2 and 5a is examined. Since unequal block compositions
lead to nonzero interfacial curvature, the inner block
compositions are kept equal (fg = fc) to maintain
lamellar ordering. The outer blocks will be denoted by
Al and A2. To focus on the entropic effects, all enthalpic
interaction parameters are set equal (yas = yac = xec
=)

As a first example, the relative volume fractions of
all species are kept equal, fa = fg = fc = /3, where fo =
far + faz. As fa; is varied from O to /3, the structure
gradually converts from a BCA triblock with equal block
compositions to an ABC triblock which is equivalent to
the BCA triblock since all y.s are equal. An ABCA
tetrablock with shorter outer blocks compared to inner
blocks is located at the center of the fa; — yN phase
diagram.

The computed mean-field phase diagram is shown in
Figure 8a. The phase diagram is symmetric about a
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Figure 8. Mean-field phase diagram for the ABCA tetrablock
copolymer melt with y.s = x for (a) inner block compositions
fs = fc = /5 (overall species volume fractions equal), and (b)
inner block compositions fg = fc = /4.

midpoint of fay = . The (yN)opr values decrease
sharply from the tetrablock region (center) toward the
triblock region, consistent with the earlier observation
that higher y values are required to induce ordering as
the number of blocks increases. The regions where one
of the outer blocks is very small show only CS phase
behavior. This CS phase changes gradually from the
region where the end A blocks have a significant and
comparable size (to each other), where the sequence is
...ABCAACBA..., to the region fa; or fay < fg, where the
small A block mixes with it's neighboring block. This
produces the sequence ...ABCCBA... where fa, is small
and the analogous sequence when fa; is small. The
phase behavior in the central region is more complex.
At the very center of the phase diagram, the disordered
phase transforms into the MCS AB phase as yN
increases. The NCS phase then becomes the equilibrium
phase for yN > 28. Moving away from fa; = 1/, this MCS
AB-to-NCS boundary continues until one of the outer
blocks reaches a composition of roughly fa; or fa, =
0.125. At this point, the MCS AB phase converts into
the CS phase, with a phase boundary that drops
sharply. As well, the NCS region of phase space de-
creases in width as yN increases.

As a second example, we investigate the phase
behavior for ABCA tetrablock copolymer melts with
inner block lengths fg = fc = /4. As fa; is varied from 0
to /5, the polymer will change from a BCA triblock with
the A block twice as long as the other two, to a similar
ABC triblock. This makes it possible that the triblocks
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may form nonlamellar phases, but the tetrablock at the
center of the phase diagram has equal compositions and
likely forms an ordered lamellar structure.

The mean-field phase diagram for this system is
shown in Figure 8b. As in Figure 8a, the phase diagram
is symmetric about the midpoint, this time fa; = fap =
Y4 = fg = fc, with (yN)opr again decreasing sharply
away from the central region. As well, the triblock
region and the region where one of the outer blocks is
much smaller than the other exhibit only CS phase
behavior, as seen for larger inner blocks. There are also
many differences in this phase diagram when compared
to Figure 8a. First, while the order—disorder transition
near the center seems to occur at nearly the same value
of (yN)opr, the decrease is more rapid as the composition
of the outer blocks changes. The system changes from
a disordered phase to a mixed centrosymmetric phase,
MCS BC in this case. The MCS BC phase persists to
greater differences between fa; and fa, than for the first
example, up to values of 0.11 for the smaller of the two
outer blocks. The NCS phase is in equilibrium above
¥N = 31, which results in a larger region occupied by
the mixed centrosymmetric phase in this diagram. The
NCS phase is narrower around the midpoint than in
Figure 8a. A slight bulge is observed at the base of the
NCS phase region (yN = 31), similar to Figure 8a. The
NCS region in phase space centers around fa; = fa, for
both cases, consistent with the arguments put forward
by Amoskov and Birshtein,* as discussed in the next
section.

It is interesting to note that different mixed phases
are observed for the two cases shown in Figure 8. For
the first case, fg = fc = /3, and the size of the outer
blocks is fa; = faz = Y in the middle of the phase
diagram. The outer blocks are much smaller than the
inner blocks, and the observed phase above (yN)opr is
the MCS AB phase. As the repulsion between blocks
increases and it becomes favorable to separate the
blocks, block junction points are localized at an interface
to form lamellar structures. This produces an entropic
penalty to the free energy. For the ABCA polymer (with
all yqs equal), symmetry dictates that either the BC
junction is localized at an interface, or the AB and CA
junctions are both localized. In the former case, the
resultant phase is the MCS AB phase. This phase is
favorable if the A block is small enough that there is
little enthalpic cost for mixing the A block with the B
or C block. If the A block is larger, the enthalpic cost
from this mixing is too high, and the system remains
disordered until the enthalpic penalty leads to the
localizing of both the AB and CA junctions. This
situation is observed in Figure 8b, where f, = /4 in the
middle of the phase diagram.

Neither of the phase diagrams in Figure 8 exhibit a
direct disorder-to-NCS phase transition. The previous
method to attain a direct transition involved breaking
up the intervening mixed phase. The presence of two
different mixed phases, one in each system, requires a
different route. The difference between parts a and b of
Figure 8 in the central region involves the length of the
inner blocks. As fg = f¢ is varied (with outer block
compositions kept equal, fa1 = fay), if a disordered phase
intervenes between the MCS AB and MCS BC phases,
that would indicate the possibility of a direct disorder
to NCS transition in that region. The phase diagram
for this system in the yN — fg plane is shown in Figure
9.
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Figure 9. Mean-field phase diagram for the ABCA tetrablock
copolymer melt with inner and outer blocks respectively
symmetric (fa1 = faz, fs = fc), with y4s = . The insert shows in
greater detail the behavior near the direct disorder to NCS
phase boundary.

For very low fg and fc, the tetrablock behaves like a
homopolymer of A, resulting in a large region of the
disordered phase. As fg increases, the melt changes from
the disordered phase to the MCS BC phase. The size of
the MCS BC phase region in Figure 9 increases as fg
increases, to a maximum near fg = 0.2 where (yN)opt
reaches a local minimum. Past this point, (¥N)opr
increases while the yN value for the MCS BC—NCS
transition decreases. This leads to a direct disorder-to-
NCS transition in a small window of phase space near
fs = 0.306. The MCS AB phase is observed for larger
values of fg and the MCS AB—NCS phase boundary
increases rapidly. The yN for the disorder-to-MCS AB
transition decreases quickly over this same range of fg.
The lower value of (yN)opt is expected with the tet-
rablock becoming closer to a BC diblock. A direct
disorder-to-NCS phase transition is obtained for an
ABCA tetrablock copolymer with fg = fc = 0.306, fa; =
fAz =~ (0.194.

4. Conclusions

The phase behavior of lamellar structures (Figure 1)
in ABCD tetrablock copolymer melts has been examined
using self-consistent mean-field theory. Both enthalpic
and entropic effects were shown to yield a NCS lamellar
phase. As well, through careful selection of parameters,
direct disorder-to-NCS transition windows were found
for several systems.

By varying the interaction between the first and
fourth blocks (yapN) from slightly repulsive to slightly
attractive (Figure 2), a NCS phase was stabilized and
found to occupy a large region of the phase diagram
where A and D are attractive. The NCS phase was also
found in a small window of phase space for yap > 0. A
partially mixed phase (MCS BC) is observed between
the disordered and fully ordered CS and NCS phases.
By varying yscN, the B and C blocks can be separated,
destroying the MCS BC phase and yielding a disorder
to NCS phase transition (Figure 5) in three separate
cases: (a) yabN = — 5, (b) yaoN = 0 (the ABCA
tetrablock copolymer), and (c) yaoN = 0.3. All three
systems also exhibit a new mixed phase, MCS AB
(Figure 6), which is the equilibrium phase above yNopt
at high yecN. The requirement to localize one junction
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Figure 10. Histograms of |ganl? = |¢5n12 + [¢X,2 as a

function of n, with yN = 32 and yapN = 0.3, for (a) metastable
CS lamellar phase and (b) stable NCS lamellar phase. Note
the change in scale for the y-axis. Coefficients with higher
values of n > 4 are invisible at this scale.

(versus two for MCS BC) allows the window for this
phase to extend to low yN.

Besides a difference in the periods, the structural
difference between the CS and NCS phases could also
be detected using scattering techniques. The intensities
at the Bragg peaks would correspond to the square of
the Fourier coefficients of the density profiles. The
Fourier coefficients of CS and NCS phases are presented
in Figures 10 and 11. Clear differences in the postions
and amplitudes between these two structures are
shown.

The entropic effects on stabilizing the NCS phase
were investigated by varying the relative block composi-
tions of the A-species in ABCA tetrablock copolymers.
In the case where all species volume fractions are equal,
as well as in the case where the inner blocks represent
half the total polymer composition (fg = fc = 0.25), the
NCS phase was found to be favored when the outer
blocks were roughly equal in composition. The two
systems do show a difference in the region between the
disordered phase and the NCS phase. For larger fg and
fc, a MCS AB phase is found, whereas a MCS BC mixed
phase is observed for smaller fg and fc. By varying fg =
fc and keeping the two outer block compositions equal
to each other, a direct disorder-to-NCS phase transition
is found for a small region of phase space (Figure 9).
No direct transition between the two mixed phases has
been found.

Previous theoretical studies of entropically stabilized
NCS phase depend on asymmetric interfaces!® or asym-
metric grafting densities.'*1® The conclusion of ref 14
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Figure 11. Histograms of |genl?> = 95,12 + 145,12 as a
function of n, with yN = 32 and yapN = 0.3, for (a) metastable
CS lamellar phase and (b) stable NCS lamellar phase. Note
the change in scale for the y-axis.

indicates that both equal and unequal block lengths
result in symmetric interfaces. However, the energetic
contribution from these interfaces is favorable to forma-
tion of NCS structures for equal block lengths, and
unfavorable for unequal block lengths. For the case of
blends, the unequal block lengths are countered by the
favorable contribution to the free energy from the
asymmetric grafting densities. In this paper, SCMFT
calculations have shown regions of NCS lamellar phase
where the two outer blocks of the polymer are roughly
equal in size. This result is consistent with our previous
work,! and consistent with the results for equal block
lengths.14

The results of this study indicate that both enthalpic
and entropic effects can lead to a NCS lamellar phase,
and can yield direct disorder-to-NCS phase transitions.
Only lamellar structures have been considered in this
study. Block compositions were chosen such that curved
interfaces are not favored. This would indicate that
further work will be needed to determine the global
behavior of these lamellar phases in the full phase
diagram for the ABCD tetrablock copolymer. This work
has demonstrated that NCS phases can be formed in
principle, within SCMFT, in these systems. Although
the calculations presented in this paper were carried
out for the cases with many of the interaction param-
eters set to equal, we expect that the general picture
developed here for the mechanism of formation of NCS
phases to be robust to small variations in the other yqs
away from equality.

Recently, Takano and co-workers have published
experimental studies!®!® on the lamellar behavior of
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tetrablock copolymers. A tetrablock ABCD melt was
shown in ref 18 to exhibit centrosymmetric lamellar
behavior for the case where the A and D blocks are
almost compatible (yap = 3.33 x 1072 at 418 K), while
the other interaction parameters are not given and the
volume fractions of all the blocks are unequal (fa = 0.25,
fz = 0.23, fc = 0.32, fp = 0.20). On the basis of the phase
diagram given in Figure 2, we predict that a careful
annealing of the system from the disordered phase
should yield a mixed centrosymmetric phase (MCS BC
or MCS AB) before reaching the fully separated CS
phase. In addition, given the low yap it is possible that
the system may exhibit NCS lamellar behavior similar
to that seen in the lip region of Figure 2.

In ref 19, Takano and co-workers demonstrated that
an ABCA tetrablock copolymer melt exhibits a noncen-
trosymmetric lamellar structure for fa; = fa, = 0.23, and
fs = 0.24, fc = 0.30. While the effects of unequal B and
C block volume fractions and unequal interaction pa-
rameters are unknown, the observation of a NCS
lamellar phase for equal A1 and A2 block lengths is
consistent with the theoretical work in this paper. The
inset shown in Figure 9 details the order—disorder-
transition behavior for an ABCA melt with equal B and
C block lengths. According to this phase diagram, we
predict that, if the system in ref 19 is carefully annealed,
there are two possibilities. From the disordered phase,
the system will either pass through a mixed CS phase
(MCS BC or MCS AB) or directly into the NCS lamellar
phase. It will be very interesting if this theoretical
prediction can be tested by such an experiment.
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due to the entropic barrier to such a phase (all three
tetrablock junctions would be localized at interfaces).
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