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ABSTRACT: We consider lamellar morphologies in the mixtures of 4C diblock and 4 BC triblock copolymers
and show that a proper functionalization of the end blocks of the triblock and diblock copolymer chains by donor
and acceptor functional groups, respectively, could result in occurrence of the thermodynamically stable non-
centrosymmetric lamellar structures in such mixtures. Depending on the chemical nature of the donor-acceptor
bond (i.e., the values of the effective entropy Spong and energy E per one bond), the typical phase diagrams could
contain the upper and lower triple points where the pure diblock, pure triblock and noncentrosymmetric lamellae
of a finite composition coexist. With increase of the association strength the triple points merge and the
noncentrosymmetric lamellae become thermodynamically favorable at all temperatures. The boundary on the
(Sbond ,E)-plane, which separates the regions corresponding to different types of the phase behavior, is found. The
influence of the architecture of the system and the chemical nature of the donor-acceptor bond on the stability of
the noncentrosymmetric lamellae is analyzed and typical phase diagrams are presented.

1. Introduction

Materials with a macroscopic electric polarization display a
variety of useful properties, such as piezo- and pyroelectricity and
second-order nonlinear optical activity. So, it has been much
debated in the past two decades'~” if it is possible to form noncen-
trosymmetric materials from molecules, which are themselves
noncentrosymmetric but not chiral. R. Stadler has proposed to ob-
tain self-assembled periodic noncentrosymmetric lamellar (NCL)
structures oriented on the micrometer scale by mixing suitably
chosen ABC triblock copolymers with ac diblock copolymers.
Such structures were, indeed, obtained in mixtures of polystyrene-
block-polybutadiene-block-poly(tert-butyl methacrylate) (SBT)
triblock copolymer with a polystyrene-block-poly(zert-butyl me-
thacrylate) (ST) diblock copolymer and of polybutadiene-block-
polystyrene-block-poly(methyl methacrylate) (BSM) triblock co-
polymer with a polybutadiene-block-poly(methyl methacrylate)
(BM) diblock copolymer.® Later on, the NCL structures were
obtained in a blend of two SBT triblock copolymers, which
differed only in the length of their middle blocks.” (Here and
thereafter we use the capital italic letters to designate both the
chemically identical repeating units we further call for brevity
monomers and the blocks consisting of them. To specify whether
the blocks do belong to the tri- or diblock copolymers we designate
the blocks by the upper and lower italic case, respectively. To
specify whether the chemically identical layers are formed of the
blocks that belong to the tri- or diblock copolymers we designate
the layers by the upper and lower bold case, respectively.)

The thermodynamic reasons for NCL to exist were outlined in
ref 8 as follows. In linear ABC triblock copolymers, the simplest
lamellar (smectic) mesophases consist of well-segregated layers of
different monomers 4, B, and C. Indeed, chemically different poly-
mer species are, in general, incompatible, and segregation effects
are strong. Then the energetically favored lamellar arrangement is
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the centrosymmetric lamellac (ABCCBA),,. Compared to a non-
centrosymmetric sequence (ABCABC),, high-energy AC inter-
faces have been replaced by low-energy AA and CC contacts.
The situation is much less trivial for lamellar structures of mixtures
of triblock and diblock copolymers. Minimizing the highly-ener-
getic interfaces between different chemical species, we are still left
with three basic different types of possible arrangements shown in
Figure 1.

All of them have the same number of high-energy ac, AB, BC
interfaces between incompatible layers but differ in the number
and order of the interfaces AA, Aa, aa (CC, Cc, cc) between the
layers formed by the chemically identical 4(C)-monomers per-
taining to tri- and diblock copolymer chains. It is this difference
that could be important. Indeed, the copolymer chains assembled
into layers are stretched in order to minimize the interface and
thus the number of contacts between unlike species. Generally,
the stretching in A- and a-layers is different, as the stretching in
triblocks is governed by 4— B and B—C interactions rather than
A—C interaction as that in diblocks. So, for the Aa contact, the
interdigitation profile is asymmetric: the more and less strongly
stretched chains invade differently the region occupied by their
counterpart chains. As a consequence, the system gains energy /i
by replacing a pair of one AA and one aa contact by two Aa
contacts. Similar considerations apply to C and ¢ blocks. There-
fore, depending on the energies f* and f&* we call further the
exchange energies, different situations can occur.

Macroscopically demixed domains of centrosymmetric double
bilayer (acca), and trilayer (ABCCBA), arrangements formed
of pure diblock and triblock copolymers, respectively, are favored
forf§* > 0,75 > 0(Figure la). Next, the centrosymmetric double
pentalayer arrangements (CBAaccaABC),, and (ABCcaacCBA),
will be favored, respectively, for £ < 0, /& > 0 (Figure 1b) and

£ >0, /& < 0 (not shown). At last, the desired noncentrosym-

metric pentalayer arrangement (ABCca), (Figure 1c) occurs if the
exchange free energy of the system favors both aA and ¢C
interfaces (f{* < 0, /& < 0).

Published on Web 03/08/2010 pubs.acs.org/Macromolecules
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Figure 1. Three types of lamellar morphologies expected in the blends
of the linear triblock ABC and diblock ac copolymers: (a) coexisting
pure tri- and diblock lamellar phases; (b) centrosymmetric lamellae
formed by double pentalayers ABCcaacCBA; (c) noncentrosymmetric
lamellae formed by the pentalayers ABCca.

If one or both the exchange free energies would vanish, then a
random sequence of pentalayers ABCca (CBAac) or trilayers
ABC (CBA) and bilayers ac (ca) would be favored. However, this
case is hardly observable since the actual quantity governing
alternation of the bi- and trilayersis f* S, wherea. = 4, C,and S
is the layer interface area whose absolute value is large even if the
quantity f, is close to zero. Thus, in what follows we consider only
the situation when f*, /& # 0.

Which of the exchange energies (if any) would be negative and,
thus, which morphology actually would be formed in the mixture,
depends on a subtle balance of the polymer entropic conforma-
tional effects (described above) and the energetic interactions
both within and between the layers.

It follows from the discussion above that such an entropic effect
is formed on scales of the order of the width D of the interpenetra-
tion zone between the chemically identical (athermal) layers, which
is small as compared to the total width of the layer.'™!! Therefore,
the effect is also small. In the case of strong segregation and purely
athermal A and a layers the NCL formation may occur only in
some rather special circumstances.'! Moreover, within the self-
consistent Scheutjens—Fleer calculations the exchange energies /{*
and f& are found to be always positive,'* which corresponds, as
explained above, to macrophase separation of the 4BC/ac blend
into the pure ABC and ac phases.

A study of the NCL formation in the blends of the linear
triblock 4 BC and diblock ac copol%/mers within the intermediate
segregation has been carried out'® via the self-consistent field
theory (SCFT) for a rather special case when all three the Flory
interaction parameters describing mutual incompatibility of the
blocks are equal or almost equal:

Xap = Apc = Oac =% [0 -1 (L.1)

According to phase diagrams built in ref 13, the NCL is the
dominant phase in a narrow region of the blend compositions, the
width of the region being rapidly decreasing with increase of .
However, in a broad composition interval outside of the pure
NCL phase stability region the blend is found'? to separate into
the NCL and one of the almost pure block copolymer compo-
nents (either 4BC or ac). Unfortunately, the authors'® presented
no discussion of the way to find the real chemical nature of the A4,
B, and C components with the y-parameters obeying the condi-
tionineq 1.1.

On the other hand, it has been noticed'* that the condition in
eq 1.1 could correspond to the systems with specific interactions
even though the effect of the latter can not be described properly
by a modification of the y-parameters only (we address this issue
inmore detail below). A similar hint to an explicit way to promote
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the NCL formation in the A BC/ac blends could be extracted from
the discussion above related to Figure 1. Namely, one has to search
for some special ways to diminish the free energy of the neighboring
Aaand Ceclayers. One of the most natural choices in this direction is
to use as NCL forming systems the blends of the A BC and ac block
copolymers properly functionalized to provide specific interactions
of donor-acceptor type between the C and ¢ (A4 and @) monomers. It
is to present a detailed theoretical consideration of the conditions
when the NCL is formed in these systems within an extended
Alexander—de Gennes (AdG) model,*!'® which is the purpose of
our paper. We show that the proper functionalization of the blends
under consideration does lead to formation of broad common
layers stabilized due to donor-acceptor interaction and thus making
the exchange energies £, negative. We find also conditions for the
degree of functionalization as well as the reduced entropy and
energy of the donor-acceptor bonds which would ensure formation
of the NCL lamellar morphology.

The further presentation is organized as follows. In the next
section we remind the reader, following refs 15—18, how the AdG
model describes formation of the lamellar structure both in pure
ac and ABC melts. In section 3, we extend the AdG model to
consider stability of the centrosymmetric pentalayer lamellar
morphology in the 4 BC/ac mixtures with donor-acceptor inter-
action between the C and ¢ blocks. The central point of section 3
is discussion of how the intralamellar specific interaction influ-
ences the equilibrium structure of the Ce (Aa) interfaces and the
phase coexistence between different lamellar structures in such
melts. In particular, we show here that due to association a
common layer is formed of the overlapping associating blocks
between (or instead of) the layers C and c. In section 4, the AdG
model is extended to study stability of the noncentrosymmetric
pentalayer lamellar phase in the case when both the C—c¢ and
A—a donor-acceptor interactions take place. Here we find
the conditions ensuring that the noncentrosymmetric penta-
layers ABCca become the most thermodynamically favorable. In
section 5, we outline a phenomenological way to allow for the
chemistry effects and carry out the topological classification of
the phase diagrams of the NCL-forming system as dependent on
the values of the parameters defining the donor-acceptor associa-
tion between different blocks (i.e., the entropies and reduced
energies of the donor-acceptor bonds). At last, in section 6, we
discuss the relevance of our theoretical results to the real systems,
and make some concluding remarks.

2. Alexander—de Gennes Model for Melts and Blends of
Di- and Triblock Copolymers'>~'®

2.1. Diblock Copolymer Melts. Consider first the ac di-
block copolymer melt. In this paper we assume for simplicity
that the copolymer macromolecule is not too asymmetric, in
which case the melt is known to form the lamellar morphol-
ogy under increase of the component incompatibility. In
such melts the “building brick” is the bilayer ac formed by the
block copolymer chains whose junction points belong to the
same interface between the ¢ and a layers. In the strong
segregation limit we presume here the blocks ¢ and a do not
overlap because of their incompatibility. The blocks a,d'
(c,’) starting from the different ac interfaces do not overlap
either to avoid an extra stretching caused by such over-
lapping. Then the incompressibility conditions hold:

Gdihi = n;vp, i = a, c (21)
Here a4; = Sqi/ My; is the surface area per one chain (Sg; and
M g; being the total area of the ac interfaces in all bilayers and
the total number of the diblock copolymer chains in the
system, respectively), n;is the number of monomers per block
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of the sort i, and /; is the width of the layer filled by such
blocks. To simplify the subsequent calculations it is conve-
nient to rewrite eq 2.1 in terms of the reduced (dimensionless)
widths H;= h;/l and specific area Z; = o4;//vo (/ and v are the
length of the statistical segment and monomer excluded
volume, respectively, assumed for simplicity to be the same
for A, B, and C monomers):

ZaH; =n (2.1a)

The free energy per diblock chain in such a lamellar structure is a
sum of the interfacial, elastic and interaction contributions:

fai = Oavg 15+ nafa +nofe (2.2)

Here f,, fc are the contributions into the specific (per
corresponding monomer) free energies of the pure polymers
due to the short-range interaction of the monomers (4 and C,
respectively), yq; is the interfacial tension for the interface ac
(or Ac, or AC, or aC), and

= 2.3
2\ n, n 2 342 (23)

. 3T <Ha2 Hﬂ) 3T Ny
Ja =4 + =

is the elastic (stretching) free energy per diblock copolymer
chain. Here T is the temperature, which in this paper is
measured in energetic units and Ng; = n, + n. is the total
degree of polymerization of diblock copolymer. So, given the
value of the reduced surface per chain Zg;, the total free
energy of the system would read

- 3 Nai
Fy = TMy; (Vdizdi +T12) + MaiNai(Xofa +xcfc) (24)
di

where x; = hj/(h,+h.) =n/Ngi (i = a, ¢), and y4; = (yaivo)/(aT)
is the reduced interfacial free energy. In fact, however, the
value of Zg; is not an independent variable. On the contrary,
the value of X; is self-adjustable to provide the minimum of

the full free energy of the system. Minimizing the rhs of eq 2.4
with respect to Zg4;, one finally obtains

= (3Nd1/77di)1/3,
W= (3T/2) (374> Nai) /> + Nai(xofu + xcfc)  (2.5)

On the other hand, the free energy of the homogeneous melt
of the AC diblock copolymer is

F(llliom = MdiNdif(xa, xc) (26)

where f (x,, x.) is the contribution into the specific (per
monomer) polymer free energy due to short-range interac-
tion of the monomers 4 and C having the volume fractions x,,
and x,, respectively. (The contribution to the polymer free
energy due to translation entropy of the chains could be
neglected within the adopted AdG approximation.)

Thus, the total free energy of forming the lamellar struc-
ture from a homogeneous melt per chain reads

AfE™ = (3T /2)(373,Nar) " +
Nai((xaf (1,0) +xef (0,1)) =f (xa X)) (2.7)

where we took into account that f; = £(1,0), fc = f(0,1). In
the subsequent estimations we use the Flory—Huggins'® and
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Hildebrand?® approximations for f (x,, x.):

fax) = =00/2) Y Sy (28)

i,j=4,C

where 9§, is the solubility parameter of the i-th component.
Then expression 2.7 takes the form

AFE™ = (3/2)(37 4> Nai) '/
—(Naivo/2)((xa04> + X0¢2) = (044 + Ocxe)?)
= T((3/2)(37 4 Nat)"* = ac Naixaxe) (2.9)

Wh%re we introduced the Flory parameter y ¢ = v (0o —
oy /2D). _ _

Next, using the Helfand—Tagami expression for the sur-
face tension?

yii = (TI/VU)(XU/G)I/Q - ?y = (XU‘/6)1/2 (210)

we get finally the excess free energy per chain of the lamellar
phase as compared to the disordered state:

AfE™ T = 3713 243 5 x,x, (2.11)

As seen from 2.11, the excess free energy as a func-
tion of the reduced parameter ¥ = y4cNg; increases with
7% in the interval 0 < ¥ <(x,x.) ~?/4 and then decreases,
so that the lamellar phase becomes thermodynamically
advantageous as compared to the disordered one for

727, = (1/4)(3/xx.)"? (2.12)

For the symmetric block copolymer with x, = x.=0.5 the
value of the reduced parameter ¥ in the phase tran-
sition_point 7, (0.5) = 6 x 32 ~10.392 is remarkably
close'” to that given by the strict self-consistent field con-
sideration of Leibler.?* Of course, due to the scaling nature of
the AdG approximation,* this fact is to be considered only as
a lucky coincidence, which witnesses, anyway, that the des-
cribed AdG model is a rather satisfactory estimate for the free
energy of molten diblock copolymers.

2.2. Triblock Copolymer Melts. Similarly, the “building
brick” of the lamellar 4 BC melts is the trilayer ABC with the
layers A, B, and C formed by incompatible monomers 4, B
and C, respectively, and we assume no overlap between the
layers. The incompressibility conditions read

Gtrihi = n;vp, i = A, B, C (213)
where o = Syi/ My 1s the surface area per one chain (Sy;
and M,; being the total area of the AC interfaces in all
trilayers and the total number of the triblock copolymer
chains in the system, respectively), n; is the number of
monomers per block of the sort 7, and /; is the width of the
layer filled by such blocks. In the reduced variables the
conditions 2.13 take the form

ZmH,- = n;, i = A,B, C (213&)
where 2, = 0y [ /vo is the reduced area per triblock
copolymer chain and H; = h;// is the reduced width of the
layer filled by the monomers of the ith sort.
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Now, the specific (per chain) free energy of a lamellar
trilayer ABC structure reads

E nifi,

i=A,B,C

.ﬁri = OtiV i +ftr1

Yii = Y4BT VBC (2.14)

Here y 4z and y gc are the interfacial tensions for the interface
AB and BC, respectively, and

o _3T(HS He HEP\ 3TN
tri 2 na np nc 2 EmQ
is the elastic (stretching) free energy per triblock copolymer
chain, Ny; = ny + ng+ nc being the total degree of poly-
merization of triblock copolymer. Given the value of the

reduced surface per chain X, the total free energy of the
system would read

(2.15)

- 3N, .
Ftri - TMtri <ytriztri 22':11) + MmNtn Z xifi

i i=A,B,C

(2.16)

where x; = h;/(hy + hp + he) = ni/ Ny (i= A,B,C), and P =
(Vi v0)/(IT) is the reduced interfacial free energy. Similar to
eqs 2.4, 2.5, the rhs of eq 2.16 is still to be minimized with
respect to 2, which gives

2t1r1 = 3]thl/ytrl l/d’

o= (3T/2) (3Vt112Ntu

tri

+Ntn xlfi
i=A,B,C

(2.17)

Within the approximations 2.8, 2.9, and 2.11 the effective
specific surface energy 7,,; and the free energy of forming the
ABC lamellar structure from a homogeneous melt per chain
read

Vi = ((XAB/6)1/2+(XBC/6)1/2)

= (ac/6) (11 +y]+ 1 -y])/2 (2.18)

AR T = { ot _NtriVQf(anxBaxC)} /T
= (3/4) (11 +y|+[1—y|) 73
=7 (xaxc+xp((1+) x4+ (1=y)°xc)/4) (2.19)

where nowy = y4cNyiand y = (205 —
the selectivity parameter.

Asseen from 2.19, A /2™ is negative and, thus, the lamellar
phase of the symmetric ternary ABC triblock copolymer
(x4 = xc = (1 — xp)/2) with three well-defined layers A, B
and C is thermodynamically advantageous as compared to
the disordered one for

- 5()/(5/1 —0d¢)is

S Y (L ESuER )
ZXy =
7 (1 _xB)3/2(1+y2xB)3/2

(2.20)

It is worthwhile to give some comments here. First, the phases
with mixed layers (e.g., A and BC etc.) are, in general, also possi-
ble,"” but for simplicity we neglect this option in the present
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Figure 2. Comparison of the AdG and random phase approximations
for the melts of the symmetric linear ternary ABC block copolymers
with the nonselective middle block (see explanation in the text).

paper, which makes sense if all three interfacial energies y 4,
Yac, ¥ sc are large enough. Second, it follows from eq 2.20 that
the xpz-dependence of ¥, for the symmetric ABC linear block
copolymer with y = 0 (nonselective middle block) reads

72786 = 6v3/(1—xp)*? (2.21)

Remarkably, the strict calculations based on the multicom-
ponent random phase a C'pproximation * show that the ratio
Bxp) = 7RPA(xp)/7aC(xp) differs numerically from unity
by no more than 20% within the interval 0 < xz < 0.87 (see
Figure 2). For xz > 0.87, this ratio increases but it does not
exceed a value of 4 even at xz = 0.99, which is far beyond the
AdG approximation applicability region.

Again, takmg 1nt0 account the scaling nature of the AdG
approximation,? the discrepancy described should be con-
sidered as a rather minor one. This fact supports using the
AdG approximation as a reasonable estimate of the free
energy of NCL morphology in what follows.

2.3. Blends of Di- and Triblock Copolymers. Hereafter in
this paper, we consider a mixture of the A BC triblock and ac
diblock copolymer chains, the corresponding total numbers
of the chains being M ,; and My;, respectively. If the A BC and
ac chains are symmetric enough and incompatible enough
they segregate into tri- and bilayers, ABC and ac, respec-
tively. The total free energy of such a state is just the sum of
the contributions 2.4 and 2.16 we rewrite as follows:

. 3 Nai
Fo3 = My (T min (V(]12d1 + 552 ) + Nai(Xaf 4 +XJC)>
di
- 3 Nuyi
+ Mtri T min (Vtriztl‘i ! ) + Ntrl Z xiff
22&1 i=A,B,C

(2.22)

Minimization in 2.22 is to be done with respect to two
independent variables Z4; and Z;. The final result for F»3
reads

Fay = Mfos(r) = M (1 + (1 =r)fg?) (2.23)
where M = My; + M is the total number of macromole-
cules in the blend, the second equality defines the function
f23(r), r = My;/M is the number fraction of the triblock
chains; the equilibrium free energies /g and ff per one
chain within the bilayers (trilayers) are given by eq 2.5 and eq
2.17, respectively.



Article

It is worth to notice that the interface exchange free
energies /1", /& we discussed in Introduction vanish within
the AdG approximation since the latter assumes that the
chains belonging to different layers do not overlap at all.
Thus, the sequence of the ABC tri- and ac bilayers would be
random within that approximation. On the other hand, the
experimental observations as well as the self-consistent
Scheutjens—Fleer type calculations'? favor the conclusion
that typically both /§* and f&* are positive so that the blend
would separate into the coexisting pure triblock and diblock
lamellar phases. Since within the AdG approximation any of
these options would result in the same expression 2.23 for the
total free energy, in what follows we refer to both of them as
the reference blend lamellar (RBL) state.

3. Centrosymmetric Pentalayer Structure in Associating
Blends of Di- and Triblock Copolymers

3.1. Definitions and Pentalayer Geometry. Let a fraction o4
(a,) of the monomers A4 (a) be functionalized to bear a donor
(acceptor) group A, (a.) and a fraction o () of the mono-
mers C (¢) be functionalized to bear a donor (acceptor) group
C, (c.), which is supposed for simplicity not to change the
excluded volume of these monomers. These donor and acceptor
groups are capable of forming the thermoreversible (e.g.,
hydrogen) bonds described, respectively, by the reactions

Ay +a-=A4a, Cy+c_=Cc (3.1)

k4 ke

We assume throughout this paper that the system is in the state
of chemical equilibrium as to forming and breaking the bonds
which implies that the relaxation time as to achieving the
thermodynamic equilibrium is small as compared to the system
observation or measurement time (it is plausible until we deal
with the bonds characterized by relatively small energetic
barriers preventing the bond breaking). Accordingly, k4 and
k¢, appearing in eq 3.1, are not the rate constants, which deter-
mine the bond formation under irreversible chemical reactions,
but the temperature dependent equilibrium association con-
stants, which determine the equilibrium distribution among
various clusters of the associated chains. If the bond is well-
defined and the distribution between the bonded and non-
bonded states is the Gibbs one, then it is reasonable to
approximate the temperature dependence of k as follows:

k(T) = CXp(Sbond _ebond/T) (3.2)

where Spong and pong are the entropy and energy of forming
the bond, which are determined by its chemical nature and
should be found from the experimental data or via some
quantum mechanical numerical calculations. In general, the
dependence k(7)) depends on the set of the discrete quantum
states corresponding to forming the bond under considera-
tion and could be more complicated.>> In any case the
numerical values of k strongly depend on the temperature.?
The value of the (dimensionless) association constant deter-
mines the equilibrium number density of the bonds formed in

accordance with the mass action law:>>?’

r.r-
kV()’V}mnd = kF+ (]§+ = klﬂfqﬁ, = m (33)

Here ¢, and ¢_ are the volume fractions of the donor and
acceptor groups, respectively, whereas vpong and I'y = voVpona/
¢4, T— = voVpona/¢— are the thermodynamically equilibrium
values of the number density of bonds and so-called conver-
sions, i.e. the fractions of the actually bonded donors and
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Figure 3. Elementary pentalayer geometry (see designations in the text).

acceptors. The explicit concentration and k-dependence of
Vpona and, thus, Iy can be easily found by solving eqs 3.3:

kVOVbond - (k¢+ —I—k(ﬁ,

F1-\/(kp, +ho_+1) 4% ¢)/2  (3.4)

The thermoreversible association in eq 3.1 can drastically
change the structure of the lamellar phase in the blends A BC/
ac. Indeed, the association is a volume effect and, therefore, it
is natural to expect (and we prove it further) that along the Ce
(Aa) interfaces some layers y () of a finite width d (d4) may
occur where the bonds Cc (4a) between the interdigitating
blocks C and ¢ (4 and a) are formed (see Figure 3).

Whereas the pure diblock (triblock) copolymer lamellar
phases are built of the bi(tri)-layers ac (ABC) as the elemen-
tary “bricks”, the lamellae in the associating blends could
be built of the pentalayers ABCca forming the centrosym-
metric or noncentrosymmetric sequences ABCcaacCBA...
(CBAaccaABC...) or ABCcaABCeca..., respectively. Here-
after we refer to these structures as centrosymmetric penta-
layer lamellae (CPL) and noncentrosymmetric lamellae
(NCL), respectively.

To begin with, we consider thermodynamics of the penta-
layer and a common layer formation assuming, for simpli-
city, that there is only one type of association (for defini-
teness, C—c). Then the incompressibility conditions read (in
the reduced variables):

ZuiH; =n;, 1 =A4,B, ZqH, =n, (35(1)
ZtriHC = nc _n’lt(r'ia ZdiHc =N, _m(él (35b)
ZuiDepe = m, ZaDc(l=¢c) =m¢ (3.5

tri

Here m%(m$) are the numbers of those monomers C (¢) per
one tri(di)block copolymer chain, which are located ithin the
common layer, ¢¢ is the volume fraction of triblock mono-
mers within the common layer, and D = d//is its reduced
width. Now, to form the pentalayer structure the tri- and
bilayers ABC and ca are to alternate. So, the total areas of the
interfaces AB and ca are to be equal (Sy; = Sg; = S) and the
reduced areas Z4; and Z;; are to obey the condition 2 M,; =
ZdiMdi = 2M or

Zhir =2Zu(1—r) =2 = Sl/(vyM) (3.6)

where the parameters M and r are defined in subsection 2.3
and eq 3.6 is just the definition of X.

3.2. Free Energy of the CPL Structure. Similar to the
discussion above, the total free energy of the pentalayer
ABCeca reads

Fy = Foe+ min{ (T708a 4/ ) Mai + (T75Zm
+13) M} + MEDfaa(9 0 K)  (37)

The first term in 3.7 describes the contribution due to
the intralamellar van der Waals interaction discussed in
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section 2. We assume hereafter that the fractions a4 (o)
and ac (o) of the functionalized monomers are small
enough to neglect the association-due changes (if any) in
the volume and self-interaction energy within the layers A,
B, C, x, ¢, and a, which means that no surface energy is to
be assigned to the interfaces Cy. Besides, as consistent with
the AdG approximation, we assume that segregation is
complete. Thus, the total volumes of the layers depend on
the lengths of the blocks only and, as such, stay the same in
the pentalayer and RBL structures. Therefore, the value of
Fuu stays the same in all strongly segregated phases and,
thus, this term can be fully disregarded when investigating
the comparative stability of the pentalayer (both centro-
symmetric and noncentro-symmetric) and RBL struc-
tures, and in what follows we simply omit it from all the
formulas. Thus, within the AdG approximation the rela-
tive stability of the RBL and pentalayer structures is
determined only by the balance of the elastic, interfacial
and association contributions, which are described by two
other terms in the rhs of eq 3.7.

Indeed, the second term in eq 3.7 allows for the interfacial
and elastic energies. It is similar to the corresponding con-
tribution into the free energy in eq 2.22 of the RBL state
except for two important details. First, the elastic free
energies per di- and triblock copolymer chains appearing in
eq 3.4 differ from expressions 2.3 and 2.15 since each of the C
and ¢ blocks is now spread over two layers (C and y, or c and
%, respectively) instead of one:

el _ﬂ(HaQ_’_ Hc2 DC2>

@2\ n, ne—md T md
— ﬂ Ndi —|—A el
2 =4 @

a 3T(Hs Hg H? D3
tri 7 + + Ne — tri + tri
c—me Mge

na ng
3T Nyi
= 72"2+A o (3.8)
tri

where the excess elastic free energies Affrli(di) per block
copolymer chain can be readily found using the incompres-
sibility conditions :

AfY :3T’”§ o
‘ 2 Z5 \(1—o¢)

_3TDc( 1
~Txe (g0

3T m [ 1 3T D/ 1
A =5 |5-1] == ’<—— ) 3.9
tri 2 22 <¢2C ) 2 Etri ¢(‘ ¢C ( )

tri

Finally, the last contribution in 3.7 is due to thermoreversible
bonding between the C, donors and c_ acceptors within the
common y layers. Here MZd is the total volume of all
common y layers and fy_, is the specific (per unit volume)
contribution to the free energy due to donor-acceptor asso-
ciation we discuss in more detail in the next subsec-
tion.
It follows from eqs 3.7—3.9 that the total free energy of the
system reads
F5 = M min f5(2, Dc, ¢c) = Mf; (3.10)

)
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where the free energy f5 per chain in the pentalayer has the
form

7(5 Des b)) T — 72+3;VE(;') L DAW(rEg0) (311)

Here the effective degree of polymerization N (r) = r* Ny +
(1 — r)® Ng; characterizes the swelling effect for pentalayers,
Y = Yai + 7ui 18 the total reduced surface tension and the
function

TW(r, 2 ¢¢) = Zfga + 2 'Mu(r.dc) (3.12)

is the sum of the free energy gain fy., = per chain due to the
donor-acceptor association and the chain elastic energy
change due to an extra chain stretching under their inter-
digitating:

A 6c) = (L= 1 =60) + A (. 60))
- %((1 (g mm00)) —¢c)>

(3.13)

The function TW ¢+ has a simple physical meaning: it is the
average per chain force causing (if W < 0) or resisting to (if
W > 0) forming the common layer; next we call W the
interdigitating force. So, to calculate the interdigitating force
and, thus, the NCL stability conditions explicitly, we are to
know an explicit expression for the contribution fy_, into
specific free energy caused by the donor-acceptor associa-
tion.

3.3. Thermodynamics of Donor-Acceptor Association. The
attempts to understand the nature of specific interactions (in
particular, association) and to describe the thermodynamic
properties of the associating systems have a long history,>”-*®
which goes beyond the scope of our paper. The most con-
ventional approach in this field is refereed to as self-asso-
ciated fluid theory (SAFT)* within the physics of liquids
community and the Flory approximation (see, e.g., refs
29—31 and references therein) within the polymer commu-
nity.32 In particular, the contribution f;_, into the specific
free energy per monomer caused by the donor-acceptor
association within the Flory approximation reads**-*°

Jfaa/T =voVpona+ ¢, In(1-TL)+¢_In(1-T'-) (3.14)

where vpong, I'4, and I'_ obey the mass action law in eq 3.3
and the volume fractions ¢, and ¢_ of the donor and
acceptor groups, respectively, are controlled by the composi-
tion of the common layer:

¢, =0cpe, ¢- =0o(l—¢c) (3.15)

It follows from eqs 3.3, 3.4, and 3.14 that 3., = 0ifk = 0,
as is expected for no association. For weak association
(k< 1) one can expand the association free energy in powers
of k, the first nonzero term of this expansion having the form

Jaa/T = —voVhond + ... & —kd  ¢_ (3.14a)

If one considers eq 3.14a as an exact one, one arrives to an
approximation, in which the association (specific interac-
tions) results only in decrease of the effective Flory—Huggins
parameter y proportional to the association constant (see,
e.g., ref 40 where the association constant k£ has been also
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Figure 4. Typical behavior of the interdigitating force W (¢) for various
values of the association constant k (for definiteness, n; = 100, i = a, ¢, A,
B,C;yNg = =25,y = 0;0c = 0 = 0.2) for high stretching = = 1 (left)
and low stretching & = Ng'/? (right). The solid and dashed lines
correspond to the symmetric (r = 0.5) and asymmetric (r = 0.1)
compositions, W < 0 favors the common layer formation. The upper
bold lines correspond to no association (k = 0), the thin lines do to
increasing values of the association constant k& and shift down mono-
tonously with increase of k. Key: left, k = 10"73k0, n = 1-5, where kg =
47750 for symmetric (r = 0.5) and ko = 206720 for asymmetric (r = 0.1)
blends; right, k = 2" 3ko, n = 1—35, where ko = 0.38924 for symmetric
(r = 0.5) and ko = 0.32981 for asymmetric (r = 0.1) blends.

evaluated). E.g., approximation 3.14a has been used to study
microphase separation in associating systems within the
weak segregation approach.*' Comparing eqs 3.14 and
3.14a, we see that for strong association (k> 1) approxima-
tion 3.14a considerably overestimates the association effects.

3.4. The Interdigitating Force. Combining eqs 3.12—3.15
we can now build the typical plots, which demonstrate the
dependence of the interdigitating force W¢ on the composi-
tion ¢ = ¢¢ in the common layer for various values of the
equilibrium association constant k and triblock composition
rin the bulk. The plots are presented in Figure 4 for various
stretching of the blocks to be drawn into the common layer.
For simplicity the degrees of polymerization of both C and ¢
blocks are taken to be equal: ne = n. = Ng;/2. The degree of
stretching is characterized by the value of X. Indeed, it
follows from eq 2.1a that the value of X for the stretched
blocks is to be restricted to the interval 1 < 32 < Nyg;, where
the left and right limits correspond to the fully stretched
chain (& ~ Ngl) and the Gaussian coil W = Ngl, respec-
tively.

As seen from eqs 3.12 and 3.13 and Figure 4, the interdigitat-
ing force is always positive when no association is present (k =
0), the common layer being mostly unfavorable at the mostly
asymmetric compositions within the common layer (¢ — 0 and
¢ — 1). With increase of the association constant & the mini-
mum of the interdigitating force W (k) = min W (¢) decreases
and W changes its sign at certain threshold value k = k. It
means that for & > ky the common layers become thermo-
dynamically favorable if their composition lies within an inter-
mediate interval (¢, ¢,) where W(¢;) = 0. The common layer
for £ = 1 (the stretched blocks) becomes stable for much higher
values of k than that for & = N'? (the coiled blocks). The
reason for that is quite clear: when the common layer occurs, it
involves an additional stretching of the blocks and to stretch
further the blocks which have been already strongly stretched is
much more expensive in terms of elastic entropy as compared to
the nonstretched blocks.

In conclusion of this subsection we make two more re-
marks. First, the cusp, which seems to appear in curves W(¢)
for high stretching with increase of the value of the associa-
tion constant k, is only an apparent one. In fact, the curves
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are continuous but reveal a sharp crossover between the
regimes with kl¢, — ¢_| <o, +¢_and k¢, —¢_| > ¢, +
¢_ since in the latter regime eq 3.4 is approximated as

VoVbond = min(¢+ 5 ¢—) (34&)

which is discontinuous at ¢, = ¢_ (¢ = '/, in our case).
Equation 3.4a has a simple physical meaning: all available
donors and acceptors form bonds if £ > 1. Second, compar-
ing our model calculations with the real experimental data®
we see that formation of the common layer y is a rather
realistic situation.

3.5. Minimization of the CPL Free Energy. The threshold
k = ko(r,Z) we just discussed characterizes occurrence of the
CPL phase at a specified composition r, and its calculation
does not provide the full understanding of the CPL phase
stability in the whole range of composition 0 < r < 1 yet. We
start the desired full analysis by reminding that, as discussed
in subsection 3.2, we are to omit the volume energetic term
Fyu from all the expressions for the free energy. It reduces
the expressions 2.5, 2.17, and 2.23 for the free energy of the
RBL phase and expression 3.11 for the CPL phase to the
following form:

Fos(r))T = (3/2)(1’(3;732Nu-1)1/3+ (1-1) (33731\/41) 1/3)
(2.23a)

f5(r.k)/T =min (72 + 3]2\;(;) +DcWc(r, 5, ¢c)>

(3.11a)

where the minimum implied in eq 3.11a is to be sought with
respect to (i) the reduced area per chain X, (ii) the reduced
width of the common layer D, and (iii) the volume fraction
¢c of those C monomers, which belong to the triblock chains
given the number fraction r of the triblock copolymers in the
blend.

To begin with, we minimize the interdigitating force W
(r,2,¢¢) appearing in the rhs of eq 3.11a with respect to the
volume fraction ¢c of the triblock copolymer monomers
within the common layer, given the values of r and . As seen
in Figure 4, there is a minimum of the interdigitating force
We (1, 2, ¢¢) with respect to ¢c. The corresponding mini-
mum condition (0W/d¢¢), = = 0 reads

Nfa(r.dc)/3pe = —Z*8fqa(0cdc. 0c(1—d¢), k) /3¢
(3.16)

The location ¢¢H(Z, r) and value W (r, 2) of this minimum
are some functions of Z and r.

Now, since the function to be minimized in the rhs of 3.11ais
linear with respect to D, the minimum over D can be located
only at one of the ends of the interval of its possible values:

wc>0

T, <0 (3.17)

0’
D¢ = DHC}HX

To find the value of D&™ we notice that increase of the
common layer’s volume is due to drawing of the ma, i
monomers of both blocks into the common y layer. Thus, if the
volume fraction ¢ of the triblock copolymer monomers
within the common layer is fixed, the increase of D ends
as soon as at least one of the C blocks is fully sucked into

the common layer. This consideration in common with the
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Figure 5. Typical dependences of the shifted pentalayer free energy per chain Afs = f5(=,r) — f>3(r) of £ = 3/ Ng;'/* for the same system as in Figure 4 for
r=0.25(),r = ro = 0.4804 (b),and r = 0.75 (c) and different values of the association constant k. The upper (bold) line corresponds to no association
(k = 0); the thin solid line labeled by the integer n and the dashed line correspond to k = 2"~ 'k (r) and k = k»(r), respectively, where the parameters k,
and k; are defined in the text. For this particular system k; and k, are equal to 0.9132 and 2.1692 (a), 0.9678 and 1.2803 (b), and 0.7588 and 2.5037

(c), respectively. The quantity ry is defined by eq 3.26.

incompressibility conditions in eqs 3.5¢ and eq 3.6 results in the
following expression for DE*™:

_me+(1-=rn. . (e 1—¢c
=5 min <¢C, 1 _¢c) (3.18)

where ¢ = ruc/(rnc + (1 — r)n,).

The meaning of eq 3.18 is rather clear: if k£ > k( and the
equilibrium value of ¢ is bigger than that averaged over the
whole Cyc layer value ¢, then the whole block C and a part
of block ¢ are sucked into the common layer whereas the rest
of monomers C belonging to the diblocks form a pure ¢ layer.
Vice versa, if ¢ < ¢ the whole block ¢ and a part of block C
are sucked into the common layer whereas the rest of
monomers C belonging to the triblocks form a pure C layer.
It is worth to stress that the complete threshold “sucking” of
either the C or ¢ block into the overlap region is a rigorous
consequence of our consideration based on the AdG model.
However, we do not exclude that the effect could be some-
what smoother within a more accurate approximation (e.g.,
SCFT).

It follows from eq 3.16 and definition 3.12 that W (r, Z,
$c) > 0forE < SiMand Wi (r, 2, ¢c) < 0 for T > ™ To
put it in other words, interdigitating becomes favorable only
for stretching below certain threshold value, which is char-
acterized by the value = = =™ where the threshold Z¢™ =
Slhim (r, x¢, X, k) is determined by two simultaneous equa-
tions:

D™ (r. o)

(alpc(rv 27 ¢C)/6¢C)r, 22,‘" =0,
We (r, e, ¢C) =0 (3.19)

Thus, the free energy of the CPL structure can be written as
the function of %, k and r only:

f5(r,k) = mZin f5(rZ k) =T x
min [72 + 3]2\/2(2}’) + O I (k, 1)) Afe(r, 2), ]
(3.11b)

where the Heaviside step function @(x) (® = 0ifx < 0,0 =
1if x > 0) allows for the fact that for & < =™ the common

layer x does not exist even as a metastable one and

Afe(r,Z) = min{De™(r, ¢c)We(r, 2, ¢c)}

In egs 3.11b and 3.20, the minimum is to be sought with
respect to = and ¢, respectively. The typical Z-dependences
of f5(X) are presented for different values of k in Figure 5.

As seen from Figure 5, there are two important thre-
shold values of k. For k < k;, where k; is determined by
equation

(3.20)

3f5 (2, k) /0Z|5 _sm g =0 (3.21)
fs(r, Z, k) as a function of X has a single k-independent
minimum at = = 32 = (3N (r)/(2y))"?, which corresponds to
the pentalayer structure without a common layer. Regardless
of whether such a structure is really stable (actually, it is not)
its free energy is a useful reference function we formally
define as the value of this minimum and refer to as 2 (r):

F5(r) = min f5(r, k)[4 o = (3/2)T7EY

= (3/2) TN ()" (3.22)
For k > k; the function f5(r, Z, k) acquires a minimum at 2 =
Scpr (k) > ZX(r) corresponding to a pentalayer lamellar
structure with a common layer (i.e., to the CPL structure).
The equality Zcpp (k) > Z2(r) means that formation of a
common layer always results in a sort of relative “squeezing”
the chains in lamellae (see eqs 3.5 and 3.6). We refer to the
corresponding minimal value of the free energy as the CPL
free energy:

fep(r. k) =min f5(r, 2, k) = f5(r, Zcpr. k)

Another important threshold value of the association con-
stant k is k, determined by condition

(3.23)

Fe(r k) =0 (3.24)

where

./7?(", k) ZfCPL(r’ k) —fa3(r) (3.25)
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Figure 6. The typical composition dependences of the exchange penta-
layer free energy 3.25 for the same system as in Figures 4 and 5. The bold
line corresponds to the pentalayer structure without a common layer
(k = 0), the thin solid lines labeled by integers n and the letter ¢
correspond to the CPL with k = k(1 +27")and k = ko = 1.2756 and
(n = o), respectively. The horizontal straight line OO’ corresponds to
the RBL state, the dashed lines OA4 and O’ A’ are described in the text,
the nodes indicate the free energies and compositions of the CPL phase
coexisting with a pure di- or triblock copolymer phase (they correspond
to mixture compositions defined as 7y, 7, in the main text). The enhanced
region within the dashed rectangular is shown in the onset.

is just the specific (per chain) dimensionless exchange free
energy for the C and ¢ layers we discussed in the Introduc-
tion. Obviously, the system under consideration forms the
CPL rather than the RBL phase if f& (k) < 0and vice versa
if & (r,k) > 0. Both threshold values k; and k, are the
functions of the ABC/AC blend composition r, reduced
surface tensions etc.

It is also worth to notice that the right parts of the plots in
Figure 5 (for = = Z/N'? > 1) have an heuristic significance
only. Indeed, here the blocks are shrunk and expressions 2.3,
2.15, and 3.8 etc. for the elastic free energies are to be
appended by a term describing entropy of squeezing the
corresponding block into a narrow lamella, which is not
expected to change our results qualitatively.

Summarizing, given the composition r, (i) the CPL struc-
ture is stable if k£ > k&, (r), (ii) it is stable with respect to small
changes of the lamella width but metastable with res-
pect to the CPL decomposition into the RBL phase of the
same average composition if k; () < k < ky(r), and (iii) the
CPL is absolutely unstable with respect to stretching the
lamellae followed by total collapse of the common layer if k
< ki ().

3.6. Phase Equilibrium. To complete our study of the
conditions for the CPL to exist we consider now the stability
of the blend 4BC/ac with respect to separation into macro-
scopic phases of different composition. Indeed, the associa-
tion-induced formation of a common Cc layer and the
resulting increase of stability of the CPL structure change
drastically the phase equilibrium in the system. To demon-
strate it we present in Figure 6 the plots of the exchange free
energy defined by eq 3.25 for different values of k.

First, the auxiliary free energy f2(r) for the pentalayer
structure without a common layer (the bold line in Figure 6),
which is defined by eq 3.22, exceeds that of the RBL phase
within the whole interval of compositions 0 < r < 1 but one
point

r=ry =33/ (ZH+=) (3.26)

‘tri

where 2§ and Z{J are the equilibrium specific areas for pure
components defined in eqs 2.5 and 2.17. Physically it means
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that for this (and only for this) specific value of composition r
the specific areas of pure bi- and trilayers are so tuned that
they could be combined into pentalayers without any ther-
modynamic loss. (It can be done just by permutations of the
layers without any change of their internal structure since the
corresponding entropy is zero in our approximation.)

On the contrary, if the association is strong enough then
the free energy of the CPL with a common layer (the thin lines
0, 1, 2 in Figure 6) becomes lower than the RBL state free
energy. More precisely, for k > k7% (3, Nai, xp) there is a
composition interval ry (k) < r < ry(k) where & (r,k) < 0
and, thus, the CPL phase is more thermodynamically ad-
vantageous than the RBL state of the same composition. As
is shown in Figure 6, at k = kCPL, when the free energy curve
f& (r) first touches the r-axis, r; = 1, = r,. The width of the
interval r, — r; increases with increase of k.

Now, let us take into account possible phase separation
into coexisting phases of different average composition.
It can be checked easily42 that, in fact, the CPL phase is
equilibrium only for compositions within an interval 7, (k) <
r < 7,(k), where the compositions 7(k) and 7,(k) are deter-
mined (see Figure 6) by plotting the tangents 04 and 0’4’ to
the exchange free energy curve f&(r) from the point
r=0,f&=0and r=1, f& =0, respectively (therewith r(k)
<T7(k) <TFy(k) <ry(k)). Outside this interval the equilibrium
blend under consideration separates into two phases: (i) the
pure diblock copolymer lamellar phase and the CPL with
repr = 7i(k) for 0 < r < Fi(k); (i) the pure triblock
copolymer phase and the CPL with rcpr. = 72(k) for 7»(k)
<r<1.

A diagram demonstrating a typical change of the state of
the phase equilibrium in the blend studied with increase of k
at a fixed value of j is shown in Figure 7. It is seen that for &
< kEPL the blend stays in the RBL state, whereas for k >
kCPY the blend could stay either in one of two phase-
separated states (AC+CPL and ABC+CPL) or in one-phase
CPL state. Thus, the point k = kF¥, r = r,is the triple point
for the system under consideration.

Itis worth to notice that the diagram shown in Figure 7is a
sort of demo diagram rather than the genuine phase diagram
since in a real system both the association constant k and the
incompatibility parameter ¥ depend on the temperature and,
thus, are changing simultaneously. The examples of the
genuine phase diagrams will be presented in section 5.

4. NCL in Associating Blends of Di- and Triblock Copolymers

4.1. The Free Energy of the NCL Structure. The preceding
analysis of the CPL structure in associating A BC/ac blends
can be easily generalized to the case when both association
constants k4 and k¢ are finite. Then both exchange free
energies could become negative, which would result in for-
mation of the NCL structure CBAacCBAac.... The only
difference is that now there are two associating layers instead
of one: the y layer of mixed ¢ and C blocks and a layer of
mixed a and A4 blocks. Accordingly, apart from the incom-
pressibility conditions 3.2 one more condition for the com-
mon layer a holds:

SiDagy = m'l, ZaDy(1—¢,) =m' (4.1)

Here m'li(m%) are the numbers of those monomers 4 (a)
belonging to the tri- and diblock copolymers, respectively,
which are located within the common layer a, ¢, is the
volume fraction of A monomers in the layer,and D, = d4/a
is its reduced width. Applying the preceding consideration of
the common layer y to the a layer, one gets readily the NCL
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Figure 7. A demo diagram in the plane (r, k) demonstrating the phase
equilibrium in the same system as in Figures 4—6. The vertical dashed
line is the guide for eyes indicating the location of the triple point
(r, = 0.4804, kP = 1.2756).

free energy per chain:

FNCL(r) =M mianCL (}‘, 2, kA, kc) (42)

N (r)
2372
+ O - (kg 1)) Afy (4.3)

Sron(r 2 ka,ke)/T =72+

+0(Z -2 (ke ) ) Afe

where St (kc, 1), Af(r, Z) are defined by eqs 3.19 and 3.20,
respectively, whereas 2'™(k 4, r) and Af,(r, ) are defined by
the equalities identical to eqs 3.19, 3.20 but replacing the
indices C with 4.

4.2. The Triple Point and Its Dependence on the System
Architecture. Complete analysis of the free energy 4.2-4.3 asa
function of both association constants k 4 and k- as well as
the architecture parameters n;, o, and the parameters of
volume interactions y 45, ¥sc, and y 4 is a mostly straight-
forward but rather cumbersome task. To avoid an over-
amplification of this paper we omit such a complete analysis
here (we hope to provide it elsewhere). Instead, to give the
reader a general idea of the physical effect of the NCL
structure formation, we consider in this paper the blends of
completely symmetric di- and triblock copolymers only.
Namely, we set

Ny =N, =NA =N =1

ng =2nxp/(1=xg);  Yuc=Map = Wpc =1
ki=kc=k, oy4=0c=0,=0.=a (4.4)

Thus, the lengths of the side blocks 4,C (a,c) are char-
acterized by the single length n. The middle block is assumed
to be nonselective (y = 0). Finally, both the degrees of
functionalization of the side blocks and the association
constants are assumed to be equal (as if one uses the same
donor (acceptor) groups to functionalize both 4 and C
(a and ¢, respectively) blocks).

In such a symmetric case, eq 4.3 is simplified radically and
reads

e (nZ k) /T =72+ ]\2';'2) +20 (z —lim (g, r)) Afc

(4.5)

which differs from the pentalayer free energy in eq 3.11a only
by appearance of the additional factor of 2 before the ©-
function to allow for two (rather than one as in the previous
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Figure 8. The triple point k" value of the thermoreversible associa-

tion constant k as a function of the total diblock copolymer degree of
polymerization Ng; for ¥ = yNg; = 20 (left) and y = 50 (right) and
various architecture parameters. The labels @, b and ¢ correspond to
the blends with degrees of functionalization o equal to 0.1, 0.2 and
0.3, respectively; therewith for each value of o we present four curves,
which correspond (from the top to the bottom in each family of
curves) to xp = 1/3, 1/2, 2/3 and 4/5, respectively.

section) common layers. So, the behavior of the free energy in eq
4.5 as a function of both £ and r is completely similar (but some
numerical factors) to that shown in Figures 5 and 6, respectively.
Because of this reason and also to reduce the length of the
current paper we do not present the corresponding plots here.
Once again, we find easily that there is such a triple point (k =
INCE = ry) that for k < KNCT the RBL state is stable for any
composition r. For k > kN" there exists such a composition
interval 7| (k) < r <7, (k) of the NCL phase stability that for r
< 71 (r > 7,) the system decomposes into the NCL phase and
pure diblock (triblock) phase. The width 7, (k) — 7; (k) of the
stability interval is zero at k = kN" where 7, (k) = 7 (k) = r,
and increases with increase of k.

The effect of the system architecture on the triple point
association constant kN““is demonstrated in Figure 8. As
one naturally expects, the k1" decreases rapidly when the
degree of functionalization a increases. Another important
effect is that k" decreases significantly with the increase of
a block length n. Indeed, the interdigitating force ¥ whose
sign controls the formation of the common layers is a sum of
two contributions: (i) a negative one due to forming the
donor-acceptor bonds, and (ii) a positive one due to the
additional elongation of the chains. Meanwhile, the suscept-
ibility of polymer chains to elongation is inversely propor-
tional to the chain length (see eq 2.3 and the similar ones
onward). Therefore, the increase of the chain length reduces
the elastic contribution into the interdigitating force and,
thus, facilitates forming the common layers. Besides, Figure 8
reveals a rather weak dependence ofthe kN“" on the relative
length of the middle block xp, the existence of the depen-
dence kN (xp) is due to the fact that the chains with the
longer middle block are more susceptible to elongation.

Summarizing, the results presented in this section and Fig-
ure 8§ open a new root to transform the 4 BC/ac blends under
consideration into the desired noncentrosymmetric pentalayer
lamellar (NCL) morphology, which occurs in the region above
the corresponding curve in Figure 8. Obviously, for this
purpose, one can use (i) changing the chemistry of the functio-
nalized groups to increase the thermoreversible association
constant k, (ii) increasing the degree of polymerization n of
the associating blocks A(a) and C(c), and (iii) increasing the
degree of functionalization a of these blocks.

5. The Chemistry Effects and Global Phase Analysis

5.1. The Phase Portrait Construction. To complete the
study we build here some typical phase diagrams of the sym-
metric associating blends 4 BC/ac in the plane of observable



Article

0 500 7 1000 0

500 7 1000

Figure 9. Triple point value kN“" of the thermoreversible association

constant k as a function of the reduced Flory parameter y for the degrees
of functionalization o = 0.1 (left) and oo = 0.2 (right) and various
architecture parameters. The labels 1, 2, 3, 4, and 5 correspond to the
blends with Ng; = 20, 50, 10, 200, and 500, respectively; therewith for
each value of c.and Ng; we present three curves, which correspond (from
the top to the bottom in each family of curves) to xz = 1/3, 5, and 2/3,
respectively.

parameters (r, 7). Such phase diagrams are expected to differ
from the demo phase diagram in the plane (r, k) presented
above in Figure 7 because the association constant k is a
function of the temperature 7 rather than an independent
variable. To find all types of the phase diagrams possible in
the blends under consideration we follow the method of
global phase analysis also known as the global phase dia-
gram study,**~*” which for the associating systems has been
proposed by one of us*® and applied in refs 49—51. The idea
of this method is to split the space of the microscopic
parameters of the system under consideration into regions,
where the topological behavior of the phase diagrams iden-
tified by the number of their special (critical, triple etc.)
points is the same, and to present typical phase diagrams for
each of such regions. Thus, the global phase analysis tells
whether all the systems with a specified type of microscopic
interaction reveal the same universal type of the phase
behavior and, if not, which changes of the microscopic
interaction parameters result in a qualitative (topological)
change of the system phase behavior.

Since the critical points’ study is beyond the AdG approx-
imation, in our case the only special points of the phase
diagrams are the triple points. So, we start with analysis of
the triple point dependence on the reduced Flory parameter .
% = xNgi. As shown in Figure 9, the threshold value kNCL
monotonously increases with increase of j and, as consistent
with the results presented in Figure 8, decreases with increase
of the degree of polymerization n of the associating blocks
A(a) and C(c) and the degree of functionalization a of these
blocks.

On the other hand, both the equilibrium association
constant k and the Flory parameter y depend on the tem-
perature. We assume the simplest possible temperature
dependences of these parameters:

x =0/2T

=lnk = Sb()nd _Eia
k = exp(Sbond _£/T> }

E =2¢/(ONg) = E/Ng; (5.1)

where Spong and E are the entropy and reduced energy of the
actual donor-acceptor bond, respectively. As consistent with
egs 5.1, a temperature change corresponds to a movement
of the point representing the state of the system along a
straight line on the (In k, ) plane. The choice of the chemical
groups modifying the original A(C) repeating units of the
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Figure 10. (a) Geometric background of the topological classification
of the phase diagrams plausible in the associating block copolymer
blends ABC/ac. The straight lines correspond to the actual k()
dependences 5.1 with various values of the entropy and reduced energy
of the donor-acceptor bond; the thin solid straight lines are labeled by
the numbers of their intersections with the plot of the characteristic
function In kN“%(%) (the bold curve), the dashed straight lines are the
tangents to this curve, which separate the systems with 0 and 2 triple
points. (b) Typical phase portrait in the plane (reduced energy £ —
entropy Spong Of the donor-acceptor bond) for Ng; = 100, a0 = 0.1, and
xp = 0.5. The locus of all such tangents separating the systems with the
energy and entropy of the donor-acceptor bond, which provide the
phase diagrams with two and no triple points, respectively, is shown by
the bold curve; the line separating the systems with the energy and
entropy of the donor-acceptor bond, which provide the phase
diagrams with one and even number of triple points, respectively, is
E = 0. The dots a, 5, and y correspond to the phase diagrams shown in
Figures 11, 12, and 13, respectively.

blocks A(a) and C(c) affects the chemical nature of the
donor-acceptor bonding and, thus, results in changes in the
values of Syonq and E. Besides, the effective values of Spong
and E could be controlled by adding a low-molecular con-
current inhibitor,* the effective entropy Sponq being in-
creased when the concurrent inhibitor fugacity decreases.

Now, the triple point values of In k and y are determined by
the requirement that the point belongs simultaneously to the
curvelnk = In k{\'CL(;Z) and the straight line In k = Spopg —
Ey. In other words, the triple points are nothing but the
points of intersection between these two curves. So, the
number of the triple points in a specified ABC/ac blend
and, therefore, its phase diagram topology, is controlled by
the number of such intersections. As seen in Figure 9, the
triple point curves In k& = In AN“(}) have no inflection
points, both the curvature and slope of the curve being
approached zero in the limit y — eo. It means that, depending
on the actual values of the entropy Syonq and reduced energy
E of the donor-acceptor bond, the number of their intersec-
tions with the straight lines 5.1 could only equal 0, 1, or 2 as
shown in Figure 10a, thus resulting in phase diagrams with 0,
1, or 2 triple points.

Following refs 48—51, we separate the (Spond, E)-plane
into the regions, which correspond to different numbers of
triple points on the corresponding phase diagrams, and refer
to the resulting partitioned plane (Spong, £) as the “phase
portrait” of the system (see Figure 10b). The main role in
building such a portrait is played by the bold curve, which
corresponds to the locus of the tangents to the triple point
curve in Figure 10a, and separates the systems with a strong
and moderate bonding. We refer to this curve as the bound-
ary. We calculated the corresponding typical phase diagrams
assuming for the moment that the presented consideration is
valid for any positive value of .

The phase behavior of the systems with strong bonding,
whose reduced entropy and energy of the donor-acceptor
bond belong to the region 0 situated above the boundary, is



3476  Macromolecules, Vol. 43, No. 7, 2010

500 -
X | ac+NCL ABC + NCL |
250 g
NCL
dneck
%0 l ‘ 0.5 . ‘ l 1.0
. ‘ PR

Figure 11. Typical phase diagram calculated for the system without
any triple points (region 0, point o on the phase portrait shown in
Figure 10b). Ng; = 100, ¢ = 0.1, x5 = 0.5, Spona = 2, and E = —5.
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Figure 12. A typical phase diagram calculated for the system with two
triple points (region 2, point  on the phase portrait shown in
Figure 10b). Ng; = 100, o0 = 0.1, x3 = 0.5, Spona = 2,and E = —1.3.

shown in Figure 11. In this case at any temperature (or j)
there is an interval of concentrations delineated by two bold
lines (binodals), where the only stable phase is the NCL
phase. Beyond the region the melt A BC/ac separates into two
coexisting phases: the pure diblock (triblock) copolymer
melt left (right) to the region of NCL and the NCL phase
with a temperature-dependent composition indicated by the
corresponding binodal. When the representative point o in
Figure 10b moves down or to right, the width dpeq of the
neck clearly seen in Figure 11 decreases until it disappears on
the boundary.

Below the boundary, i.e. for the systems with moderate
bonding, whose reduced entropy and energy of the donor-
acceptor bond belong to the region 2, the phase behavior is
rather different as shown in Figure 12. To describe it
properly, it is convenient to define the upper and lower triple
points by analogy with the upper and lower critical solubility
points. Namely, as shown in Figure 12, in this case there
exists an intermediate temperature interval Typper < T
< Tiower (O F1ower < X < Xupper) Where the NCL phase could
occur only as a metastable phase. Under thermodynamic
equilibrium the blend is to decompose within this interval
into the RBL phase, i.e. into independent bilayers ac and
trilayers ABC. On the contrary, for § > Xupper and 7 <
Z1ower, the phase behavior of the blend 4 BC/ac corresponds
to that described in Figure 11. The definitions of the lower
and upper triple points correspond to the conventional
definitions of the lower and upper critical solubility points.
It is worth to notice that the point 5 in Figure 10b, which
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Figure 13. Typical phase diagram calculated for the system with the
only triple point (region 1, point v on the phase portrait shown in
Figure 10b). Ng; = 100, o = 0.1, x3 = 1, Spong = 3,and E = 1.

corresponds to the phase diagram shown in Figurel2, is
intentionally chosen to be close to the border between the
regions 0 and 2 (otherwise the value of ¥ ower 1S typically too
low). When the point  moves right, the value of §,pper
increases until jypper becomes infinite and, thus, the low-
temperature NCL region disappears on the vertical line E =
0; when the point  moves down then Jower decreases.

Accordingly, in the right half-plane (Spong, E)) there is
only one (high-temperature) NCL region and the only lower
triple point as shown in Figure 13. We call this half-plane the
region of hydrophobic bonding since the height 7owe, Of the
lower triple point (and, thus, the area of the NCL phase
existence) increases with increase of the value Syonq Of the
entropy of the donor-acceptor bond. Even though the issue
whether such a hydrophobic bonding is physically possible
remains open; there are some arguments,”” which show that
such a situation could occur when some concurrent inhibi-
tors are present in the system under consideration.

Itis worth to notice two interesting features of all the phase
diagrams presented in Figures 11—13. First, we find a much
wider region of the NCL phase stability in the associating
blends than seen previously'? in nonassociating ones. Sec-
ond, in our case the NCL phase extends up to very high
temperatures (y = 0) where it is natural to expect the system
to be disordered. This apparently unphysical result is, never-
theless, correct for the values of parameters specified for the
phase diagrams presented. The case is that, unlike the Flory
parameters y;, which basically approach zero when 7' — oo,
the association constant 3.2 takes a finite value k = exp-
(Sbona) even in this limit. Therewith, the association-due gain
in the free energy under concentrating the associating groups
under forming a lamella of overlapping blocks 4 and a (C
and ¢) exceeds the loss because of decrease in volume fraction
occupied by the associating groups. Thus, surprisingly, the
strongly segregated alternating lamellae of the associating A
and a (C and ¢) blocks and Gaussian B blocks could exist
even in the limit yNg; << 1. In general case the presence or
absence of the high-temperature ordering would depend on
particular values of Sponq and structure parameters of the
system under consideration. In particular, for weak associa-
tion when one can use approximation 3.14a, the ODT
condition for symmetric blends would read Ng; exp(Spond)
> 10. We should add also that the phase transition lines
corresponding to ordering in the pure components are not
drawn for simplicity.

At last, the effect of the total degree of polymerization Ng;
of the symmetric associating blocks under consideration and
their degree of functionalization o on the phase portraits is
demonstrated in Figure 14.
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Figure 14. Phase portraits for Ng; = 500, = 0.1, xp = 0.5, and Ng; =
500, . = 0.2, xz = 0.5 (the upper and lower dashed lines, respectively)
and Ng; = 100, = 0.1, xz = 0.5 (the upper) and Ng; = 100, o0 = 0.2,
xp = 0.5 (the lower) solid lines, respectively.

We see that the increase of both Ny; and o results basically
in a considerable shifting the phase equilibrium in favor
of the NCL phase and, accordingly, shifts the boundary
down.

6. Discussion and Conclusions

Summarizing, in this paper we suggested a new route to create
stable noncentrosymmetric lamellar morphologies in mixtures of
di- and triblock-copolymers ABC/ac via a proper functionaliza-
tion of the side blocks A(C) of the triblock copolymer and blocks
of diblock copolymer by the donor and acceptor groups. The
resulting donor-acceptor association has been expected to get the
a and A4 (c and C) blocks effectively glued together or, in other
words, to reduce the exchange energies f¢'c introduced in ref §
and described in the Introduction. To validate this suggestion we
studied theoretically the thermodynamics of the lamellar mor-
phologies arising in symmetric mixtures 4 BC/ac with the non-
selective (with respect to the side blocks) middle block B with due
regard for thermoreversible associating of the proper blocks.
Unlike the preceding studies*'*** 7 of microphase separation in
associating block copolymer systems, which have been restricted
to the weak segregation case, we addressed strongly segregated
associating block copolymers via a modified Alexander—de
Gennes approximation. Even though certainly less accurate than
the SCFT numerical procedure, the AdG approximation is
remarkably simple and less demanding in terms of computer
time needed, which enabled us to explore the vast space of
parameters characterizing the system under consideration. We
showed that if the association constant k, which governs the
donor-acceptor thermoreversible bonding, exceeds certain
threshold then the expected gluing does take place and a wide
region of stability of a phase with the NCL morphology arises.
Therewith, depending on the values of the effective entropy and
energy per bond (see definitions in eq 5.1), the phase diagrams
with or without triple points are possible (see Figures 11, 12, and
13). Itis worthwhile to notice that one type of our phase diagrams
(that with one upper triple point) has been already found and
described in the preceding SCFT study.'®

The summary of our results is presented in Figure 14 clearly
demonstrating that to favor the NCL phase stability one should
increase at least one of the following factors: (i) the degree of
polymerization Ng; of the side blocks; (ii) the degree of their
functionalization a; (iii) the value of the effective entropy S and
the absolute value of the negative energy E of the donor-acceptor
bonding. Figure 14 provides also an idea of the quantitative
magnitude of each described effect.

To conclude, let us evaluate the validity of the assumptions
our consideration is based on. First, the AdG approximation,
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which assumes, in particular, that the interfaces between the
neighboring domains are rather sharp, is too rough to
describe accurately the weak and intermediate segregation.
So, it would make sense to check our predictions via a more
regular procedure such as the self-consistent field theory.
However, we expect, by analogy with similar calculations in
the case of nonassociating systems, that such a more accurate
consideration would only result in a smoothing of the inter-
faces but preserve the main features of the global phase
behavior obtained in this paper: the presence of a well-defined
crossover from the low-k regime, where no or a negligible
common layer exists, to the high-k regime, where the common
layer covers a significant part of the ¢C layer. The topolo-
gical types of the phase diagrams are also expected to stay
unaffected except for the regions of low values of ¥ (¢ < 10),
where the chains within the common layers are rather
shrunk than stretched, and high values of y where the
thermodynamic equilibrium is not reachable due to glassing.
One should also keep in mind that the bonds are assumed to be
reversible (annealed) since consideration of the frozen bonds
thermodynamics would be considerably more sophisticated
due to necessity to allow for the frozen heterogeneities in the
spatial distribution of the frozen bonds.*®*> Of course, as in
any theory addressing formation of structures in concentrated
polymers, we disregard the relaxation effects, which could be
not always true. However, we believe that our thermodynamic
approach does catch the main features of the NCL structures
stability in the associating block copolymer blends.

The presented approach is easily extendable to evaluate the
desirable chemical modifications of other block copolymer sys-
tems>* where the noncentrosymmetric lamellar structures were
observed. E.g., for the ter-block copolymers ABCa one can
expect formation of both centrosymmetric ABCaaCBA... and
noncentrosymmetric ABCa(a)ABCa... structures, the free ener-
gies of which obtained via a straightforward generalization of
consideration in sections 3 and 4, read:

. 3Nter

-CL ter
) =T(7Z+ s
3 (V 25?2 )

f4NCL(2’ DA>¢C) = 4CL(2)

)

In other words, in this case the NCL stability condition is again
that the interdigitating force is negative and the corresponding
analysis could be straightforwardly carried out via the approach
presented in this paper. We expect the dependences of the phase
transition temperature on the structure parameters to be very
similar to those found here for blends and suppose to study them
in more detail and compare with the SCFT results for nonasso-
ciating ter-block copolymers®'-® elsewhere.
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