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ABSTRACT: A general theory for microstructure in systems of copolymers with strongly interacting groups
(SIGs) is proposed. The so-called superstrong segregation limit, corresponding to rather short blocks
containing SIGs and strong attraction between them, is considered in detail. In particular, multiplet
formation in melts and solutions of ionomers (block ionomers) is studied. It is shown that as the interaction
parameter increases, the most stable shape of a multiplet continuously changes from spherical to disklike
(oblate ellipsoid). A further increase of the interaction parameter induces another (first order) transition
from disklike multiplets to lamellae. The same transitions could be induced by decreasing the average
length of ionic blocks in block ionomer systems. The relevant experimental observations are discussed.

1. Introduction

Polymeric systems with strongly interacting groups
(SIGs) include block copolymers, ionomers, and as-
sociating polymers. Intensive attention paid to all these
systems in recent years!~3¢ is connected in particular
with various microdomain (micellar, multiplet) struc-
tures inherent to the systems. Most research has been
carried out in the field of microphase separation and
micellar formation in block copolymer systems, in
particular, in diblock copolymer melts.217-24.29-31,35,36

In all these systems microdomain formation is forced
by an effective incompatibility (immiscibility) of the
components of polymer chains. For example, in melts
of A—B diblock copolymers unlike blocks (A and B) tend
to separate if the effective Flory parameter y = yas —
0.5(xaa + xBB) i8 positive, which is normally the case.
In solutions of ionomers or associating polymers, it is
soluble and insoluble (strongly attracting) chain frag-
ments that effectively repel each other and thus sepa-
rate and form multiplet structures.

The physical reasons leading to microdomain forma-
tion suggest that general properties of systems with
strongly interacting groups could be understood in a
framework of a common general theory. In particular,
the ideas and approaches developed in the area of
microphase separation of block copolymers can also be
used (with minor modifications) to describe the behavior
of systems of ionomers and associating polymers. This
program has been initiated in ref 37, where a strong
similarity between an ionomer chain (Figure 1a) and a
multiblock copolymer with strongly asymmetric com-
position (Figure 1b) has been discussed.

Ionic groups (as well as hydrophobic groups in as-
sociating polymer solutions) usually strongly attract
each other. Thus we should expect that the most
characteristic regime for ionomer systems corresponds
to the strong segregation limit (SSL)!7-2¢ in block
copolymer terminology. More importantly, it was
shown?®7 that in fact ionomer systems are likely to fall
in a novel superstrong segregation limit (sSSL), which
can also be realized in systems of block copolymers with
strong incompatibility and compositional asymmetry.

The aim of the present contribution is to extend the
previous theory®” in two directions: (1) to investigate
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Figure 1. (a) Ionomer; (b) multiblock copolymer, Na < Np.

the formation of nonspherical microdomains (micelles,
multiplets) which have also been observed in experi-
ments!116 and (2) to consider not only melts but also
solutions of polymers with SIGs. As a main result of
this paper, we show that it is nonspherical disk-shaped
multiplets that are most characteristic for copolymers
in the superstrong segregation regime.

The model and the basic theories for strong and
superstrong segregation regimes are briefly described
in the next section. Sections 3 and 4 are devoted to the
theory of nonspherical micelles in melts and in solutions
of polymers with SIGs. The results are compared with
available experimental data in the last section.

2. The Model and Strong and Superstrong
Segregation.

2.1. The Model. Let us consider a system of multi-
block copolymer chains (see Figure 1b). Each chain is
a sequence of short A blocks (V4 links per block) and
long B blocks (N links per block, Ng > Nj). The
number of blocks per chain is assumed to be very large
(this assumption is not crucial and can be easily lifted).
The B fragments are assumed to be flexible:

2
Og ™~ apg

where o; is the effective cross-section of an i block, a; is
the corresponding statistical length, i = A, B. The
volume per link is v; = gia; (note that here we consider
a link as a section of polymer chain with contour length
equal to the statistical length, and effective link thus
defined is not identical to a chemical link, although
normally the difference is not large). The rms end-to-
end distance between the ends of an unperturbed
(Gaussian) i block is RB; = a;N;%3.
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We assume that A links are asymmetric and are
larger than B links:38

3 — . .
A" P Uy = 00y, Oy > Og; a, > agoy/og (1)

We also assume that B blocks are long enough:
Ngvg > N,u, (2)

We will consider multi-(AB) chains both in the melt
state and in a selective solvent which is good for B
blocks and is extremely poor for A blocks. The melt
considered in the current and in the next sections is
assumed to be incompressible.

Interactions between the links in the melt state are
characterized by the effective incompatibility parameter
¥, which is assumed to be large enough: yNa> 1. The
last condition implies that the effective energy of
attraction between A blocks is much larger than £T; it
is normally valid for ionomers and block ionomers where
attraction between A links is due to dipole—dipole
interaction.®

Note that extremely short A blocks, Ny = 1, cor-
respond to a regular ionomer,>® whereas Ny > 1
corresponds to a block ionomer.6~® Since the last case
is more general, we will assume it below; the results
derived can be also (at least qualitatively) applied to
normal ionomers (Na = 1).

2.2, Micelles in the Strong Segregation Limit.
Strong energy of attraction between A blocks dictates
that at equilibrium they must separate and form ag-
gregates, or micelles in the block copolymer language
or multiplets in the ionomer case (Figure 2a). Since the
composition is strongly asymmetric (Ng > N,), the
shape of the micelles is expected to be spherical 222428
The condition yNNa > 1 ensures that the segregation is
strong: unlike (B) links cannot penetrate into ag-
gregates, which are characterized by narrow sharp
interfaces.!”"2¢ The equilibrium size R of an A ag-
gregate (core of a micelle) is determined by the balance
between the interfacial free energy and the conforma-
tional free energy of A and B blocks inside the core and
the corona. A large energy of attraction between A links
implies that the interfacial tension, y, is also large. This
favors larger micelles (with smaller interfacial area per
block). Therefore the blocks must be highly stretched
in the core and partly in the corona regions: the
conformational free energy is basically the elastic energy
of this stretching.??

The characteristics of micelles in SSL have been
quantitatively considered in detail.2226-2%8 Here we
briefly review the main approach. The free energy of a
micelle can be written as a sum of three terms:

F=F, +F,  +F (3)

core corona

where Fi, ¢ = 471R?y is the free energy of the interface,
Fore 18 the elastic free energy of A blocks, and Feorona is
the free energy of elastic stretching of B blocks. The
interfacial tension y can be calculated analytically under
certain conditions;?! here we treat y as a known
parameter which could be large due to strong incompat-
ibility between unlike links (in particular, yoa could be
much larger than 27).

The number of A blocks per aggregate, @, is deter-
mined by its size via simple geometry:
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corona

Figure 2. (a) Spherical micelle: a core of radius R is
surrounded by the corona filled by B loops. The size of the
corona, Rj, is much larger than R. In the superstrong
segregation limit, R — Rpa.x = H/2, where H = Njaa. (b) A
cylindrical aggregate of thickness H = 2R, and total length
D. (c) Disklike aggregate: the total diameter = D, and the
thickness = H. In all cases micellar coronas are nearly
spherical.

_4n R
Q= 3 N,

4)
The core free energy can be estimated as (in 27 units)

R2
Fcore ~ Q 2
Npay

(5)

where R%/(Naaa?) is of the order of the energy of elastic
stretch of an A block along the radius, R. The energy
of the corona can be estimated in a similar way;?? the
result is

Up
Fcorona ~ 2
B

=i,

so that
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The inequality (1) ensures now that Feorona > Feore; the
core contribution is thus neglected in what follows.

In order to calculate Forona, we note that B blocks are
always less stretched than A blocks. In fact, even when
the A blocks are completely stretched (i.e., the core
radius, R, is of order Naaa), the degree of stretching of
B fragments is small: ds s op/oa < 1 (see the first
inequality (1)), where d; is the ratio of the typical end-
to-end distance of a fragment of a B block relative to
the contour length of the fragment. Thus the stretched
fragments of B blocks in a corona are characterized by
nearly ideal (Gaussian) elasticity. It is also important
to note that the corona volume, Vg, is much larger than
that of the core, V4 (see eq 2):

VB/VA = (NBUB)/(NAUA) >1

Hence the corona size Ry ~ Vg is much larger than
the core radius:

R,/R Ngvg) ' >1 7
/R~ N,v, D

The two conditions specified above (large corona size
and ideal elasticity of B blocks inside it) ensure the
validity of an electrostatic analogy?? between the mi-
cellar corona and the electric field of a certain charged
system. The analogy implies that the averaged vector
connecting neighboring chain links, dr(n)/dn (here r(n)
is the position of the nth link of a chain), formally
corresponds to an electric field, E. The electrostatic
energy (1/87)fE? d%r is thus proportional to the energy
of elastic stretching of B blocks, Feorona. Also a coarse-
grained (smoothed) trajectory of a B block should
correspond to an electric force line which therefore must
break at an AB junction point. Hence the charged
system can be constructed by attributing a unit charge
to each junction point located near the core/corona
interface. The elastic free energy of the corona is then
just proportional to the total energy of the electric field
outside the core. Thus for a spherical interface, we get??

_c@
Fcorona - 2 R (8)
where
3%
C= )

is the polymer/electrostatic proportionality constant.

The equilibrium radius of a micelle and the number
of blocks per micelle can now be obtained by minimiza-
tion of the free energy per block, F/Q = (Fints + Feorona)/
Q. The results are22:87

3(1 2 1/3
R=|2 29w, (10)
4 vy
Q = nyN,v,ap’ /vy (11)

The above analysis based on the SSL limit is valid
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provided that the typical energy per block is large (in
kT units): F/Q > 1. Using eqs 3 and 8—11, the last
condition can be rewritten as

1 12 (12
VAU, A) )

y > Ymin = aB(
Note that the condition (12) is weak if Ny is large
enough. Note also that the conditions (1) and (12) imply
that the number of blocks per micelle is large, @ > 1.
2.3. Superstrong Segregation Limit. It is natural
to assume that the value of the interface tension (in 27/
OB units) increases as temperature is decreased. In
turn, an increase of y induces an increase of micellar
size (see eq 10). At some large enough y = y*, the core
radius can formally (according to eq 10) exceed the value
Naas/2, the half-length of a completely stretched A
block. Obviously, this situation is virtually impossible
since such a large radius implies that the central part
of the core must be empty, which is physically very
unfavorable. It is important to note that even if the core
radius, R, is close to the limiting value Ry = Naaa/2,
our expressions for the corona and interface free ener-
gies still remain valid. Therefore the predictions, eqs
10 and 11, are quantitatively valid in the whole region
Ymin < ¥ < y*, where y* is determined by the condition
R(y*) = Rnax®"

3
«_ 1Na04 Vg

(13)
6,22

In the region y > y*, which was called the superstrong
segregation (sSSL) region in ref 37, the micellar size is
constant: R = Rpay, @ = (/6)(Na2aa3/va). In the sSSL
regime all A blocks are strongly stretched in the radial
direction, some of them being almost completely stretched
hairpins (of length Naaa/2).

As was pointed out,3” the superstrong segregation is
difficult to access in the block copolymer case since y*
is proportional to Na; however, this regime must be
characteristic for ionomers and associative polymers
since for these systems the typical interfacial tension,
v, is large and N4 (which is proportional to the size of
the ionic or associating group) is relatively small.4°

3. Nonspherical Micelles in Copolymer Melts

The aggregates (cores of micelles) attain their limiting
size Rmax at the beginning of the sSSL regime considered
in the previous section. An aggregate cannot grow
further while retaining spherical shape as this growth
would imply the creation of a very unfavorable empty
hole in its central region. The formal geometrical
restriction is that the minimum distance between any
point ingide an aggregate and its surface must be not
exceed Rmax. It is easy to see that aggregates can still
grow in one or two dimensions while obeying this
restriction.

In both cases they would become nonspherical as a
result: in the first case, they tend to become cylinders
of radius Rp.x (Figure 2b), and in the second, disks of
thickness H = 2Ry« (Figure 2¢). The corresponding
transitions are analyzed below.

3.1. Sphere to Disk Transition. The micellar free
energy, F, in a general case can be calculated just in
the same way as for a spherical micelle. In particular,
the core contribution, F e, can still be neglected in
comparison with Feorena, provided that conditions (1) are
fulfilled. Thus,
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F=FpxtF

corgna

(14)

where the first term is just proportional to the interfa-
cial area, S: Finr = yS, and the corona contribution can
be defined using the electrostatic analogy described
above.

To simplify our task a bit, we assume that an
aggregate can be either a sphere—cylinder (a cylinder
with two half-spherical caps; see Figure 2b) or a disk
with a rounded edge (see Figure 2c). Both shapes can
be obtained by rotation of a rectangle of height H and
width D — H with two half-circles of diameter H
adjoined to its sides around the vertical (to get a disk)
or horizontal (cylinder) symmetry axis.

The volume of a disklike aggregate is

V= ’€H3 + %EHQ(D -+ %H(D - H? (15

where D is its total diameter and H = Naaa is its
thickness. The corresponding interfacial free energy is

F.

1
o=y H? + gH(D ~H) +5D - H'| (16)
We now need to calculate the elastic free energy of the
corona. Let us start with the disk in the limit D > H.
Here the corona free energy is proportional to the
electrostatic energy of a uniformly charged thin disk:

2

Fcorona = Ckform% (17)

where kgrm = 16/(87) is the disk form factor and C is
given by eq 9.

Note that eq 17 is in agreement with the analogous
result?! in the limit Ry > D > H (see eq 22 of ref 41).
We stress however that our result, eq 17 with kg =
16/(3x), which was obtained using the electrostatic
analogy, is exact in the specified limit, whereas eq 22
of ref 41 was obtained using additional approximations
which lead to a different numerical prefactor. However,
the numerical difference is not important: it is about
3%.

In the general case, the form factor, ksrm, is a function
of the disk asymmetry, H/D. In order to calculate the
function ksrm(H/D), we use an additional approximation
and substitute for the disk a conducting oblate ellipsoid
with the same diameter and the same volume; thus the
lengths of the axes are

_6v

h A
aD?

z

L,=1,=D; I

With this approximation, we find42

arctan[(D¥h? - 1)V?]
By, (H/D) = (18)
f (1 — hYD?)2

Equation 18 is obviously exact for D = H (spherical

micelle); it underestimates the exact result (kgrm = 16/

(37) for D > H by only 7%. We thus conclude that eq

18 provides a good approximation for a disk form factor.
The volume of a cylindrical aggegate is

— T g2 _
V= 12H (8D — H) 19

Note that now D is the total length of the cylinder, and
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H = Naa, is its thickness. The free energy of the
aggregate can be calculated in just the same way as for
the case of disks. The interfacial contribution is

Fi = nyHD (20)

The corona part of the free energy is given by eq 17 with

2,22 4\1/2
kom(HID) = ln[D/ill'i(fz //1’712)1/2 D (21)

The form factor, eq 21, was calculated using as an
approximation a conducting prolate ellipsoid of the same
length D and the same volume. The thickness of the
ellipsoid is thus
_ _f_;X)m
h= (JtD

It can be easily shown that eq 21 is asymptotically exact
in both limits D = H (sphere) and D > H (long uniformly
charged cylinder).

In order of find the equilibrium characteristics of a
micelle, we must minimize the micellar free energy per
block, F/Q, where F is defined by eqs 14—21, @ =
V/(Nava) is the total number of (A) blocks inside an
aggregate, and V is the total volume of the aggregate,
which depends on D and H (see eqs 15 and 19). As a
result, we show that the spherical micelles are stable
in the whole strong segregation region ymin < y < y*.
On the other hand, in the superstrong segregation
regime, y > y*, the spherical shape readily becomes un-
stable: instability with respect to both oblate and
prolate deformations occurs at y = y*. In the region y
> vy* the free energy minimum always corresponds to a
disklike shape; thus at equilibrium cylindrical ag-
gregates should never appear.

Note that by definition D is always larger than H (or
equal H). As D = H corresponds to a spherical shape,
we can consider the difference, s = D — H, as an order
parameter for the sphere to disk transition. The general
Landau-like expansion of the free energy (per chain) as
a series in s in the vicinity of the transition point is

FIQ =~ Cy+ Cy(y* = y)s + Cps* + ...

where it is easy to check that both constants C; and Cs
are positive. Therefore the minimum of the free energy
corresponds to s = 0 (spherical shape) if y < y* and to
s = (C/2C2)(y — y*) if y is slightly higher than y*. Thus
we arrive at a special kind of a second-order transition,
which is characterized by a nearly linear dependence
of the order parameter (D — H) on ¥ — y* in the vicinity
of the transition point y = y*. The whole dependence
of the aggregate diameter, D, on the interfacial tension
y (in the region y > y*) was calculated numerically;
within 3% accuracy it can be approximated by a simple
equation

D=H+ %H[(y/y*)m ~1] (22)

Thus the diameter of an aggregate increases as y is
increased; in the limit y > y* the dependence obeys the
0.5 power law:

O\U2__ Ualp 172
D= 2(—) H—-—-—(J’—) (23)
3 R A
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Figure 3. A disk in the regime D > H,, where H; is the
average corona thickness. Near the edge the B blocks are
tilted; the length of a block “grafted” to the disk at the distance
x from the edge is R(x), the angle between its trajectory and
the disk surface being a(x).

3.2, Disks vs Infinite Sheets. The above treat-
ment, and in particular the electrostatic analogy, is valid
provided that the characteristic corona size, Ry, is much
larger than the core size, D. Note that the above
condition implies that the corona is nearly spherical
even if the core is strongly asymmetric. This condition
is automatically satisfied for a spherical micelle (see eq
7) since Ngup > Nava. This is not the case, however,
for disklike aggregates. Using the incompressibility of
the melt, we get R:® ~ QNpup; using also eqs 22, we

obtain
Ngug yH\12 13
R~ 2]

Therefore at y ~ y* [(Ngup)Nava) the corona size
becomes of the order of the micellar diameter and our
approximations fail. It is natural to assume that in the
region y > y** ~ y*[(Npup)(Nava)l® the aggregate
diameter becomes larger than the corona thickness. In
this case the corona becomes a nearly planar B brush
uniformly (apart from the edge region) grafted to the
disk surfaces (Figure 3). The thickness of the corona,
Hy, is again determined by the incompressibility condi-

tion:
Ngug

(note that Hy > H).

A detailed analysis (see below) shows that in fact a
first-order transition from disklike aggregates to the
aggregates in the form of infinite planar sheets (lamel-
lae) occurs in the region y ~ y**. In order to ap-
proximately locate this transition, let us write the free
energy of a strongly asymmetric micelle, D > H; (see
Figure 3) as

F=~const x Q@ +aDF .+ F . ..) (25)

corona

where const does not depend on the diameter D and the
second term on the right-hand side represents the edge
correction to the free energy. Here nD is the edge
length, and F = Fiy + Feorona is the correction per unit
edge length; F nearly does not depend on D in the region
D > H,.

The equilibrium micellar structure (in particular,
equilibrium diameter) should correspond to the mini-
mum of the free energy per block
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F/Q = const + EQQF (26)

Taking into account that @ ~ D? we thus arrive at
minimization of F/D. Obviously, the minimum corre-
sponds to D —  (infinite sheet) if F' is positive. This is
surely the case if y is large enough since Fiys is
proportional to y and Feorona nearly does not depend on
y (see below). Therefore the transition from disks to
lamellae is approximately specified by the condition

F = Fintf + Fcorona =0 (27)

A further comment concerning the type of the transi-
tion is relevant at this point. For F = 0 the approximate
equation (26) does not predict any dependence of the
free energy per block on the disk diameter. To get this
dependence (assuming that D is large), we need to take
into account that the edge energy is slightly dependent
on D due to a curvature of the disk edge: F = F(D).
The corresponding correction to Fine is proportional to
H/D, whereas a correction 10 Fiorona is proportional to
Hy/D and thus dominates since Hy > H. Note that the
corona free energy with a curved edge is lower than that
for a straight edge (i.e., in the limit D — «): any
curvature implies that B blocks near the edge have more
free space. Therefore we can write F' = F(e) — C1(Hy/
D), where F() is the limiting value of the edge energy
and C; > 0 is a constant which does not depend on D.
Hence eq 26 can be rewritten as

. H K, K
F/Q == const + EQQ(F(OQ) - 0152-) = const + 50 - 5_]2;
(28)

where Kj and K are again constants and we take into
account that @ « D%, Equation 28 is valid if D > Ho; it
implies that infinite sheets (D — ) are not favorable if
F() < 0. For F(e) > 0 this equation generally implies
two minima: for D = « and for a finite D. Therefore
we predict a first-order transition between disks of finite
diameter and infinite sheets at some particular positive
value of F(e), which corresponds to y slightly higher
than that defined by eq 27, where the effect of edge
curvature was neglected.

The calculation of Finfee) is straightforward: it is just
proportional to the interface area excess associated with
the edge, ’

Fintf = %YH (29)

In order to calculate the corona contribution to the
edge effect, Feorona(ee) (for zero edge curvature), we need
to consider conformations of B blocks near the disk edge
in more detail. Far from the edge (at distances larger
than H3), the B blocks are stretched normal to the disk
surface, the thickness of the corona, Hy, being given by
eq 24. Note that H; is still much smaller than the
contour length of a B block, Ngag; i.e., the degree of
stretching of B blocks in the corona is well below the
limiting value. Near the edge the corona thickness is
decreasing, and the blocks are tilted, so that the angle
o. between a block trajectory and the disk surface
depends on the distance from the edge, x (see Figure
3).

At this point we introduce two assumptions concern-
ing the conformations of B blocks., First we assume that
the B blocks are all stretched in a similar way (the
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Alexander approximation®d); the elastic free energy
calculated with this approximation is known to be valid
within 20% accuracy.?? We also assume that the
trajectories of the B blocks are straight lines on the
average even in the region where they are tilted.

Thus the conformation of B blocks is determined by
the two functions a(x) and R(x), the latter being the
length of the blocks starting at the distance x from the
edge (see Figure 3). These functions are connected via
the incompressibility condition:

do_ Z%(H2 _ R sin(o)) (30)

where H; is defined by eq 24. Obviously, R — Hz and o
— /2 far from the edge (for x > Hj).

The elastic free energy per half-block can now be
calculated in a standard way:22%7

F_

2= S an = S (g
B

dn _QaBQ 0 \dn

where r(n) is the average distance between the junction
point and the nth link of a B block (starting at a given
distance x from the edge). The function dr/dn is again
determined by the incompressibility condition (see refs
22 and 37 for more detail).

Let us consider a strip on the disk surface of thickness
Ax. The number of functional (A) blocks per unit length
of the strip, AQ = Ax/oa, obviously coincides with the
number of stretched halfs of B blocks starting in the
same interfacial area. These B blocks must tightly fill
the corona region between the line (x, @) shown in
Figure 2 and a similar line (x + Ax, o + Aca). The
number of links per half of a B block at the distances
between r and r + Ar from the corresponding junction
point is An = Ar/(dr/dn). The total volume of all links
in the corresponding subregion, vgAnd@, must coincide
with the volume of this subregion, AV = Ar(Ax sin o +
rAa). Therefore vp(dn/dr)(Ax/oa) = Ax sin o + rAo.
Taking now the limit Ax — 0, we get

dr _ Us/ . da
" OA(sm(a) + rdx)

Using the last two equations, we get the elastic free
energy of the corona per unit area of the disk surface:

)_1 In[1 + R gin~Y(a)

dx
(31)

Apparently, 7 is tending to 7~ = [(3usaa?/(2ap?ua?)] x
H, for x > Hs;. Obviously, the total edge correction is

Fq=F

e

3vBaA2 do

2. 2
205"V, dx

Fcorona = 2jém(‘zl - ‘9:1) dx (32)

where the factor “2” accounts for two surfaces (upper
and bottom) of a disk core and < stands for D since the
integral on the right-hand side is expected to be
convergent in the characteristic region x ~ Hy <« D.
Using now eqgs 30—32, we obtain

k(™ 0.50° 5
corona 01— 0 sin(o)

[ 0.50” ln( 2

1 — ¢ sin(a) \g sin(a)

- 1) - 1] da (33)
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where

Ngog\?
K=30B( 2 ?)
20,

and ¢ = R(x)/H; can also be considered as an unknown
function of a.

Minimization of the right-hand-side of eq 33 with
respect to o(a) results in

2
8 A

- Ngog\?

P =—050K=- §v3( B B) (34)
Equation 34 is in agreement with the results for the
corona edge energy in disklike rod—coil copolymer
micelles,** which were obtained using a somewhat
different approach.*

Using the function g(a) determined by the minimiza-
tion and eq 30, we obtain the dependencies R(x) and
ax). In particular, we get the asymptotic behavior for
x> Hy

a(x) =2 — const x exp|— 3z
2 2 H,

which ensures that the edge effect is exponentially small
for inner parts of the disk.

Substituting eqs 29 and 34 into eq 27, we locate the
transition from disklike micelles to lamellae at

2 A7 2
3 vg0g Np

pRE N
3
27,0, Na

(35)

Note that

#%  36(Npgug\?
=R =
AVA

Thus y** is proportional to N it must therefore be
very high if B blocks are very long (Vg is very large);
the transition to infinite lamellae is probably inacces-
sible for these systems.

The core diameter at the transition point, D**, can
still be approximately defined by eq 23. The result is

D** 4 vplVp

/

(36)

Thus the geometrical asymmetry of micelles at the
transition point is directly determined by the composi-
tional asymmetry of multiblock copolymers. The dif-
ferent regimes considered above are summarized sche-
matically in the diagram of Figure 4. The dependence
of the diameter, D, of an aggregate (a micellar core) on
interfacial tension y is shown in Figure 5 on a log—log
scale.

4. Nonspherical Micelles in Solutions

Let us turn to a solution of multiblock copolymer
chains of the type considered above. The solvent is
assumed to be good for the major (B) component and
extremely poor for the other (A) component. Thus A
blocks effectively attract each other and tend to separate
and form aggregates (micelles) as in the melt system.
We will consider the structure of the micelles for a very
dilute solution where a single-chain approximation is
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5

lamellae

disks

spheres

Np

Figure 4. Different multiplet geometries indicated on a
schematic phase diagram. The region between ymi, and y*
corresponds to the strong segregation limit; y > y* corresponds
to superstrong segregation.
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Figure 5. Log—log plot of the diameter D of an aggregate vs
interfacial tension y.

valid. Let us first assume that the aggregates (cores of
micelles) are spheres of radius R.

4.1. Spherical Micelles. The free energy of a
micelle can again be represented as a sum of three
terms, eq 3. The core of a micelle is densely packed by
A links; therefore the core and the interfacial contribu-
tions to the free energy are the same as for the melt
case.

The equilibrium structure (and, in particular, the
radius, Rs) of the corona is determined by a balance
between the free energy of “elastic” stretch of B blocks
on one side, and excluded volume interactions of B links
in the solvent on the other side. The latter interactions
tend to swell the corona, while the stretch limits the
degree of swelling. As is well-known, 254647 the balance
gives rise to the picture of blobs of variable sizes (scaling
picture), the energy of the corona being proportional to
the total number of blobs. The size & of a blob at a
distance r from the center can be obtained from the
geometrical packing condition:

2QEX(r) = 4nr’
where @ is determined by eq 4. Thus
&r) = /)" *r
On the other hand, the blob size (which is simulta-

neously equal to the correlation length of the solution)
is connected with the number of B links per blob, g:

E=apg”

where v = 0.59 = /; is the Flory exponent for a flexible
polymer coil in a good solvent. Any B block consists of
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two stretched parts, with the middle point being at the
largest distance from the micelle’s center. Within the
adopted blob picture, any stretched half of a B block can
be represented as a completely aligned (along the
micelle’s radius) sequence of blobs. Thus the number
of links in a part Np/2 can be written as

Nyf2= [y = [y Eelay* =
(27[/Q)0‘5(1/v_D[(RZ/CZB)I/V _ (R/aB)l/V]

Now we could take into account that Ry > R since
soluble blocks are longer and also the corona is swollen
(see eq 42). Therefore

}?2 ~ aBNBVQ0.5(1—V) (37)

The free energy of the corona is of the order of kT
times the number of blobs;25:3246 thus (note that 7T is
taken as the unit)

Ey dr
B &r)
Comparing the energies of the core (see eq 5) and the

corona, we easily find that the core contribution is
always negligible in comparison with the corona:

F__<F

core corona

Frons ~ QS5 S5~ Q) InByR)  (39)

27

provided that as2 > oa.
Thus the free energy of a micelle can be written as

F=F+F.ona = 47R% + QQ/27)"® In(Ry/R)
(39)

An equilibrium state should correspond to the minimum
of the free energy per block, F/Q. Using eqs 37—39 after
the minimization, we get

Q ~ V6/5(NAUA)4/5; R~ NA3/50A3/5V2/5

R2 ~ aBNBv,yO.G(1—v)(NAvA)O.4(1—v) (40)

The ratio Ro/R can thus be represented as (we use the
numerical value v = 3/5)

agNg

TV R ET T (41)
VBN )P

Ry/R

Here we omit all numerical (and also logarithmic)
prefactors.

The largest possible value of the interfacial tension
in the SSL, y = y*, is defined below (see eq 43). Using
this value, we get the lowest estimate for the ratio Ro/R
in the SSL:

R, R 2

N 2/3
BUB(_O_A_) (42)

Nyva\og

Both factors on the right-hand-side of inequality (42)
are large (see egs 1 and 2); therefore the corona size is
always larger than the core size in the strong segrega-
tion regime.

Geometrical characteristics of micelles, eq 40, are in
agreement with the results previously obtained for the
same system.*® Note that the radius of the core, R, is
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larger than the Gaussian size of an A block if Na is large
and even if IV, is not large but y is large enough. Note
also that the corona size, Ro, is much larger than the
size of a swelled isolated B block, agNp’. Finally, we
see that the equilibrium number of blocks per micelle,
@, is always large (for both large and small N,) if y(v)%?
> 1,

4.2. Sphere to Disk Transition. As can be seen
from eq 40, the size of a spherical micelle increases
continuously as the interfacial tension, y, is increased
(we are not going to discuss how to change y, just
assuming formally that y is changed). However, there
is a natural limit for the core radius, R: it cannot be
larger than half of the contour length of the (completely
extended) A block:

R<R_, =N,a,2

Using egs 40, we find that the core size should become
of the order of Ry for y ~ y*, where

v¥ ~ Nya,Jo,%? (43)

For y > y* we come to a qualitatively new regime of
the micellar structure, the superstrong segregation limit
(sSSL), where the core radius levels off at Ruyax.

In the sSSL the most important part of the micellar
free energy is its interfacial energy:

Fintf = )/S

where S is the total surface area of the core. Thus the
energy per block is (for a spherical core of radius R =
Rmax)

Fi,(/Q = yS/Q = 3yN,V /R = 6yv, /e, (44)

It is easy to show that the free energy is smaller for a
cylindrical micelle of diameter 2R« and for a plane
sheet of thickness 2R a5

(Fintf/Q)cyl = 4yUA/aA;

Therefore it is natural to expect that micelles would
change their shape and would transform to planar
sheets (disks) or cylinders (see Figure 2b,c).

In order to consider the transition in more detail, we
use the model of a spherocylinder or of a disk with
rounded edges which was introduced in the previous
section. The interfacial free energy of a nonspherical
micelle in solution can be calculated in exactly the same
way as for the melt case and thus is given by eqs 16
and 20. The corona free energy is given by eq 38, where
within the logarithmic approximation the ratio Ry/R
under the log can be calculated for a spherical micelle
at the expected transition point, i.e., using eq 41 with y
= y* Hence

(Fintf/Q)plane = 2yvA/aA (45)

6/25 /
ago, 3/5

. 3/2 B
Foorona = const x @ In|—mr—rr —2 | (46)
Ua o ay T Ny

where const is a numerical factor which is irrelevant
for what follows. A numerical calculation of thus
defined free energy, F = Fintr + Feorona, a8 a function of
the order parameter D — H for prolate and oblate
micellar shapes shows that cylindrical micelles in solu-
tion are always less stable than disks, in agreement
with the results for the melt case. A transition to the
disk shape occurs at the very beginning of the sSSL
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region, at y = v* given by eq 43, as a second-order
transition. The structure of a micelle for y > v* can be
described as follows.

The interfacial contribution to the free energy for the
disk shape of the core is given by the second equation
(45) in a zeroth-order approximation. In addition, we
must also take into account the edge contribution to the
interfacial area. Thus we get

F,./Q =~ 2yv,/a,(1 + const x H/D) =
2yvp/a, + const x yu N /D (47)

where H = 2R, is the core thickness, D is the diameter
of the disk, and const is a numerical factor to be omitted
below.

The free energy of the corona for a disk shape can be
calculated using eq 38. Omitting the log prefactor, we
get

Fcorona/Q ~ l)/O-Al/2 (48)

Equation 48 is valid provided that D < Rj, where R» is
the outer radius of the corona given by eq 37.

The equilibrium disk diameter could now be obtained
by minimization of the free energy per chain, (Fiys +
Feorona)/Q. Thus

D ~ 0> (@, N y)"? (49)

The number of blocks, @, in a disk-shaped micelle is
determined by the volume of the core Vi = (1/4)D2H:

Q = Vo (Nyvy) ~ UAl/ZaAVN A (50)

The last two equations are valid for y > y* and for D <
R;. These conditions are equivalent to

yRE>y > pr (51)
where
y** ~ (oploy) " a, ta T ENRYN, (52)

In the region (51), the size of the corona, R», is much
larger than that of the core, D; the corona in this regime
retains its spherical shape whereas the core is disklike
(see Figure 2¢). Using eqs 37 and 50, we get

R2 ~ aB(O_Al/ZaA,y)(l—V)/ZN(I—V)/ZNBV (53)

For even larger interfacial tension (or for smaller Ng),
y > y** the edge contribution to the interfacial free
energy is so unfavorable that the diameter D of the most
stable disk-shaped micelle becomes infinite. For a
micelle formed by a single multiblock copolymer chain,
the diameter is determined by the total number of
blocks, . {7

Q=1  D=(215/m" (54)
The structure of a micelle for very large. {is similar to
that shown in Figure 3: the micelle consists of a disk-
shaped core surrounded by the disk-shaped corona of
thickness

H, =R, ~ aglog/a) "Ny (55)

The results for the geometrical parameters of associ-
ates (micelles) can be summarized as follows:
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(a) y < y*, spherical micelles:

6/5 4/5, 3/5, 3/5_2/5
Q@ ~ Y (N 4u )™ R~ N, " v,y

Rz ~ aBNBV(NAZUA2y3)(1—V)/5 (56)

(b) y* <y < y** disk-shaped core,
spherical corona:

Q~ UAl/zaAVNA§ H=2R . =Ny,

3/4 12
D~ 0,"(yNpap)™; R, ~ag x

(0,20, ) ENOIENLY (57)
(c) y > y**, disk-shaped core and corona:

Q=+  H=2R , =N,  D=@Qw/n""

H, =R, ~ agNy(0g/a,) ™" (58)

The last two equations (57) are in agreement with the
results?® obtained for disklike micelles formed by rod—
coil copolymers in solution.4

Note that in the regime (c¢) the “double spherical layer”
type of the associate (which can be obtained by ap-
propriate deformation of the initial large disk) might
be more favorable than the plane disk since there is no
edge effect for the “spherical layer” (Figure 6). It is
interesting to note that the radius of such a spherical
layer (which is of the order of D; see eq 58) is propor-
tional to the square root of the molecular weight of a
multiblock copolymer chain, i.e., has the same molecular
weight dependence as the size of a Gaussian coil.

5. Discussion and Conclusions

We have considered a system of multiblock copoly-
mers with two types of blocks and strong compositional
asymmetry (Ns > Na). Shorter blocks are assumed to
consist of strongly interacting groups (SIGs), which
strongly attract each other. In particular, the SIGs
might be of ionic nature.

The SIGs aggregate and form multiplets (micelles) if
the interaction parameter is large enough. Having in
mind the assumed compositional asymmetry, one may
expect that the multiplets must be spherical, as in a
similar case of block copolymer micelles.2224-28 Qur
main result is that this is not the case provided that
the interaction parameter (y) is high enough and/or the
blocks with SIGs are short enough: in the region ¥ 2
y* it is disklike aggregates that are the most stable. The
change of the aggregate’s shape (spheres to disks) is
shown to be a second-order transition, which occurs as
soon as the system can be described by the so-called
superstrong segregation limit (sSSL),%” which implies
that the aggregate size approaches the length of a
completely stretched minor (A) block.

The tendency for the shape change can be rationalized
in simple geometrical terms: for high enough y it is the
energy of the interfaces (the surfaces of the aggregates)
that gives the dominant contribution to the free energy
of the system. The equilibrium structure of the system
corresponds to the minimum of the energy per unit
volume, or per block; thus for large y we need to
minimize the interfacial area per block. The areas per
block for spherical, cylindrical, and disklike aggregates
of the same diameter (thickness in the case of disks)
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solvent

solvent

Figure 6. A lamellar micelle transformed into a spherical
layer.

scale as 3:2:1 (see egs 44 and 45). Therefore disklike
or lamellar aggregates are the most favorable. We have
also shown that cylindrical aggregates are never stable,
even in an intermediate regime.

If the interaction parameter is further increased, the
equilibrium shape of the aggregates changes again from
a disk with a finite diameter to an infinite lamellar
sheet. This first-order transition occurs at y** > y* It
is important to note that although the aggregates (the
micellar cores) become fairly asymmetric already in the
region y 2 y*, the shape of a micelle as a whole, which
is determined by conformations of the major (B) blocks
in the corona, remains nearly spherical up to y = y**,
In the region ¥ ~ y** both core and corona of the
micelles become nonspherical (oblate). The schematic
dependence of the diameter of the spheres (or disks) on
the interaction parameter is shown in Figure 5.

The above general statements are equally applicable
both to melts of polymers with SIGs and to their
solutions. For both cases the first critical interaction
parameter y* is proportional to Na, and the second, y**,
to Ng%/Na. Therefore a decrease of the length of strongly
interacting blocks (of Na) could induce a transition from
spherical to disklike multiplets and also form infinite
lamellae to disks. Note that for a large ratio of Np/Na,
the region of stability of disklike multiplets is very large
since y**¥/y* ~ (Np/Na)2.

Disklike micelles were also considered theoretically
for a different system, rod—coil copolymers.4 However,
a transition from spherical to disklike shape was not
studied in this previous paper since rodlike blocks could
hardly form a spherical core.

Disklike (as well as tubular) aggregates were also
predicted for systems of zwitterionic associating poly-
mers on the basis of detailed numerical calculations
taking into account specific interactions between dif-
ferent links.3® Here a disklike core is formed by
relatively small zwitterionic head groups which attract
each other via electrostatic (dipole—dipole) interactions.
These interactions dictate antiparallel alignment of
head groups (dipoles), which is incompatible with a
spherical core shape. That is why a sphere to disk (or
to another nonspherical micelle) transition had not been
considered in ref 50.

Nonspherical aggregates predicted in this paper have
been recently observed in melts and solutions of iono-
mers and associative polymers.!1~1¢ In particular, dis-
klike!'?!3 and lamellar!* microstructures have been
reported. An interesting phenomenon has been ob-
served for an ionomer melt: as ionic content increases,
the ion-rich microstructure transforms from a continu-
ous to a discontinuous one.!® This effect can be ex-
plained in the framework of the present theory: in-
crease of the ionic content implies an increase of the
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{average) size of the ionic blocks (Ns) and thus an
increase y*. This might result in a transition from
disklike micelles, which could easily form a continuous
(or quasi-continuous) phase, to unconnected spherical
micelles.
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