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ABSTRACT: We predict how equilibrium morphology of self-
assembled aggregates in dilute solution could be tuned by replacing
a linear AB diblock copolymer by a heteroarm star-like or cyclic block
copolymer. We demonstrate that in selective solvent AB miktoarm
stars or diblock copolymers with cyclic associating block may give rise
to cylindrical assemblies or vesicles, while linear diblock copolymers
with same composition form only spherical micelles. The theoretical

predictions are in line with experimental observations.

S elf-assembly in solutions of linear block co- and
terpolymers has been very much in the focus of theoretical
and experimental research in the past decade.'™® This interest
was primarily motivated by applications of polymer self-
organization in fabrication of functional materials and nanoscale
devices. Among the examples are vector systems for controlled
delivery and release of biologically active molecules, nano-
catalytic systems, molecular templates, etc.

A systematic theoretical relationship between the composi-
tion of the AB block copolymer and the equilibrium shape of
aggregates forming in dilute and semidilute solutions has been
first established for nonionic macromolecules.”® It was
predicted and confirmed experimentally that an increase in
length of insoluble block changes morphology from a spherical
micelle toward cylindrical aggregates and vesicles (polymer-
somes). The theory® demonstrated that in dilute solutions
cylindrical micelles and vesicles are themodynamically stable
only when the characteristic dimensions of insoluble (core)
domains are comparable to or exceed the dimensions of
solvated (coronal) domains. Similar regularities have been
established for amphiphilic ionic/hydrophobic AB block
copolymers in aqueous solutions.” "'

Branching could strongly effect the self-assembly of block
copolymers. Self-organization of star-like macromolecules in
melts is rather well comprehended."”™"® The understanding of
self-assembly of miktoarm star polymers in solutions is less
evolved. The relevant studies focused mostly on the effect of
branching on the parameters of micelles with specific
morphology, e.g, spherical'*™*® or lamellar.®® In this letter
we examine how the copolymer branching affects the
equilibrium morphology of self-assembling aggregates. Recent
experimental studies’' ~>* demonstrated that a star-like block
copolymer with a sufficiently large number of long soluble arms
and/or with a small number of short insoluble arms gives rise to
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stable unimolecular spherical micelles. Here, we focus on the
opposite case of multichain aggregates and establish how the
stability range of classical morphologies (sphere, cylinder,
lamella) depends on the molecular parameters of the AB
miktoarm copolymer. We then apply the developed model to a
cyclic diblock copolymer and compare our theoretical
predictions with the experimental findings.”®™>°

We consider a dilute solution of miktoarm stars in selective
solvent. Each molecule consists of ny > 1 insoluble blocks, each
comprising Ny >> 1 monomer units, and of n, > 1 soluble
blocks, each of N, > 1 monomer units (see Figure la). We
assume, for simplicity, that both components have the same
monomer unit size, a, and are equally flexible (the length of the
Kuhn segment is on the order of a). Total amounts of
monomer units A and B in the macromolecule are M, = n,N,

a b c

Figure 1. Miktoarm star-like copolymer: n,, N, and ng, Ny are the
number of soluble and insoluble arms and the number of monomer
units per arm, respectively (a), cyclic block copolymer (b), and linear
block copolymer with cyclic block B or A (c).
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and My = ngNp, respectively. The case ny = ng = 1 corresponds
to a linear diblock copolymer.

Association of insoluble domains B leads to formation of
multimolecular aggregates with radius of the core

3iNgg _ 3iMy
@— =a—

R. =
’ s s (1)

where s is area per macromolecule at the core/corona interface,
and ¢ is volume fraction of monomer units B in the core.
Below we assign i = 1 to lamella (or vesicle), i = 2 to cylindrical
aggregate, and i = 3 to spherical micelle (see Figure 2) and set

@~ 1
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Figure 2. Schematics of generic morphologies of self-assembled
aggregates of miktoarm star copolymers: lamellae or vesicles (top left),
cylindrical micelles (bottom left), spherical micelles (right).

The free energy (per star-like molecule) in aggregate of
morphology i is given by

E=FE +E._ +F

i i,corona i,core surface
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In the narrow interface approximation, the corona of the
micelle is envisioned as a polymer brush with grafting area s/n,
per soluble block A, and

MAE, e (S/112) 3)

where Fp..(s/ny) is the free energy per block A. The
functional form of F;p.g, is governed by the nature of the
soluble blocks (e.g, presence/absence of ionizable groups),
solvent quality, etc.’ The morphology-dependent core con-
tribution (per molecule) comprises the free energy of elastic
stretching of blocks B in the micellar core
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with numerical coefficients®® b, = 7°/8, b, = 7°/16, and b, =
37%/80. Finally, the surface free energy

E ,surface

kT

=ys/a’

©)
is controlled by excess free energy y at the core/corona
interface (measured in units of kyT per area a*) and by area s
per molecule. Minimization of F; with respect to surface area s
provides equilibrium parameters of aggregates with morphology
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i. The regions of thermodynamic stability of the aggregates with
morphologies i = 1, 2, 3 are specified by minimal values of F..

Morphological transformations of aggregates are expected
when the aggregates have crew-cut shape,s’ that is, when the
corona thickness H; is smaller than (or comparable to) the
radius R; of the insoluble core. The corona of an aggregate with
H;/R; <1 can be envisioned as a weakly curved polymer brush
with the free energy per molecule F, ;ona = Fi corona — AF; coronas
where F| _on, cOrresponds to a planar brush (i = 1), and the
linear in curvature correction term is given by

H,
A F ~F 1,corona

i,corona 1,corona X (i - 1) <E

Ri i,corona (6)
The value of the numerical coeflicient omitted in eq 6 as well as
the power law expressions for F .,;on, and H coron, depend on
the nature of the coronal blocks (nonionic or ionic) and on the
envirﬁnmental conditions (solvent quality, ionic strength, pH,
etc.)

For block copolymer with long blocks (N, Ny > 1),
approximate power law dependencies for binodals, separating
regions in the phase diagram corresponding to stable aggregates
with morphologies i and i + 1, could be obtained by balancing
the free energy gain due to convex corona bending with the free
energy loss due to extra elastic stretching of core blocks,
_AFi,corona + Fi,core = _AFi+1,corona + Fi+l,core' BY Omitting the
numerical coeflicients, using eqs 6 and 4, and applying eq 1, we
obtain the equation for binodal lines at which morphologies i
and i + 1 coexist in equilibrium

531;1,corona(s)Hl,corona(s)
i(i + Dby, (i + 1)° = bi2ld kT (7)

with s specified below. As follows from eq 7, the values of ngNy
corresponding to cylinder-to-sphere (c—s, i = 2) or to lamella-
to-cylinder (1—c, i = 1) transitions differ only by the numerical
coefficient, (n3Np)/(n3Np)"9 = (10/21)Y2 The latter
specifies relative width of the stability region of cylindrical
morphology.

Because the corona in the crew-cut micelle is weakly curved,
Ri > H; ona ® Hjcoronw and Fi, is typically noticeably
smaller than F; ., area s in eq 7 is specified with good
accuracy by the balance condition Fqq,c.
equivalently

)

Pi ,corona
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By using eq 3 and taking into account that Hj o, =
H,pran(s/n4), eq 7 can be presented at arbitrary n, and ng as

2
—c),(c—s n —c),(c—s
N}(gl ), ( )(nA) nB) — n_l;N](al )i( )(1, 1) (9)
B

where binodals N{~9(<)(1,1) for a linear diblock copolymer
with n, = ny = 1 depend only on the properties of block A and
surface tension 7.

Therefore, irrespective of the nature of the coronal chains A
(e.g., ionic or neutral) and environmental conditions (e.g., ionic
strength and pH, solvent quality), an increase in the number n
of insoluble core-forming blocks leads to the decrease in Ng_g
=) ~ nz2 That is, an addition of solphophobic blocks to
star-like macromolecule or redistribution of fixed number M of
insoluble monomer units into a larger number ny of insoluble

~
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blocks can change the shape of the micelle from spherical to
cylindrical (or to lamellar).

We focus first on a miktoarm star copolymer with nonionic
soluble blocks A. The thickness and the free energy per chain of
a planar brush of neutral chains A tethered with grafting area s/
ny are given, respectively, by

Hl,brush ~ “NA(Sa_Z/nA)("'l)/ZD (10)
K rus 5/”)
M ~ NA(SCl_Z/nA)_l/ZD
kyT -
with v = 3/5 and v = 1/2 for good and theta solvent

conditions, respectively.

Although soluble blocks A are chemically linked to a
common junction localized at the core/corona interface (see
Figure 2), the corresponding extra crowding is noticeable only
at distances r < s from the interface, whereas at larger
distances r > s'/? the conformations of the A blocks are dictated
by the core geometry. Therefore, the corona thickness H; .,rona
~ Hl,brush(s/ﬂA) and

Pi,corona/kBT ~ nAFl,brush(s/nA) = nANA(Sa_Z/nA)_l/ZU

(12)

The equilibrium area s per star-like molecule is specified by eq 8
as

-2
sa

~ (N /y)Zy/(1+2v)
ny " (13)

By substituting Hl,corona = Hl,brushl Fl,coronal and s from eqs 10)
12, and 13, and by omitting numerical coefficients, the binodal
lines corresponding to cylinder-to-sphere (c—s) and lamella-to-
cylinder (I—c) transitions are formulated as

2
Nél—c),(c—s) ~ %Ni\lu/(zﬂu)y(z—n)/(2+4y)
B

(14)
An equivalent representation of binodals in M,, My coordinates
is
X n(4—3v)/(2+4z/)
—c),(c—s ‘A 11v/(2 2— 2
M}g (e=s) o, ML v/( +4u)y( 7v)/(2+4v)
;]
Al4=30)/ (2+40) .
A —c),(c—s
M, 1)
6]

(15)

where M{™9(1,1) and M{™(1,1) are the binodals for the linear
diblock copolymer with M, = N, and My = Np.

Equations 14 and 15 permit us to analyze displacement of
binodals due to branching of the macromolecule. In Figure 3
we demonstrate part of the theoretical phase diagram
constructed for a dilute solution of a poly(styrene)-block-
poly(isoprene) (PS-b-PI) block copolymer in selective solvent
heptane.® The latter is close to theta solvent for PI (v = 1/2)
and is a poor solvent for PS. Binodals for the linear block
copolymer MY~9(1,1) and M ™(1,1) are shown by solid lines.
A symmetric increase in the number of blocks nz = ny = 2
accompanied by their concomitant shortening (that is,
replacing the linear diblock copolymer by a 4-miktoarm star)
leads to the shift in binodal lines to smaller values of My, at fixed
M, (shown by dashed lines calculated according to eq 15).

Similarly to branching, intramolecular cyclization could also
strongly affect the block copolymer self-assembly. In terms of
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Figure 3. Diagram of states for copolymers with PS and PI blocks in
heptane. Regions of thermodynamic stability of lamellae, cylinders, and
spherical micelles are denoted as L, C, and S, respectively. The binodal
lines separating stability regions of lamellae and cylindrical aggregates,
(I—c), are marked in red, and those separating stability regions of
cylinders and spheres, (c—s), are marked in blue. Binodals MY{9(1,1)
and M§™(1,1), for linear diblock copolymer (114 = ny = 1), are shown
by solid lines. Dashed lines MY™9(2,2) and M{™(2,2) indicate
displacement of binodals due to the transformation of the linear block
copolymer into a 4-miktoarm star (with n, = ng = 2) or due to
cyclization. Dotted blue line ME™(1,2) is the binodal for a block
copolymer with cyclic core block B or 3-miktoarm star with n, = 1, ng
= 2. Red dash-dotted line M{~(2,1) is binodal for block copolymer
with cyclic coronal block A or for a 3-miktoarm star with ny = 2, ng =
1.

the scaling model, the association behavior of the miktoarm
star-like copolymer with two soluble (1, = 2) and two insoluble
(ng = 2) blocks with lengths N, and Ny is equivalent to that of
a cyclic block copolymer with respective lengths 2N, and 2Ny
of the blocks (see Figurelb). This equivalence follows from the
presumed strong stretching of the blocks in a micelle. Cross-
linking of the free ends of stretched blocks leads to the
corresponding entropy loss of about kzT per chain, which is
negligible compared to the total free energy of block copolymer
F, in the micelle. Therefore, binodals calculated for miktoarm
stars can also be used to monitor the effect of block copolymer
cyclization. As follows from the diagram in Figure 3,
transformation of a linear block copolymer forming spherical
micelles (i.e., with composition to the right of binodal line
ME™(1,1), marked by filled black circles in Figure 3) into a
cyclic copolymer with the same length of the blocks (or,
equivalently, to a miktarm star with ny = n, = 2) leads to
destabilization of spherical morpholo%y. That is, a filled black
circle is found to the left of binodal M{™(2,2), and association
of the cyclic copolymer should give rise to cylindrical micelles.
This is in agreement with the experimental observations.”* 2
According to refs 26—28, linear block copolymer PSy9y-b-PI;;,
(subscript indicates the degree of polymerization of the
corresponding block) self-assembled in heptane, giving rise to
spherical micelles whose size and aggregation number were
almost independent of solution concentration. Cyclization of
the macromolecule leads, however, to formation of wormlike
cylindrical micelles with concentration-dependent length.
Although PS,gy-b-PI, 4 is out of the stability range of spherical
morphology in Figure 3 (possibly due to a different preparation
protocol), its cyclization leads to a change in the aggregate
shape from spherical to cylindrical, in agreement with
prediction of the scaling model.

An even stronger effect is expected if cyclization involves
only the insoluble block B of the linear diblock copolymer,*
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which corresponds to a miktoarm star with n, = 1, ny = 2 (see
Figure 1c). The position of binodal M{™(1,2) in this case is
shifted further to the right and is shown in Figure 3 by a dotted
line (calculated according to eq 15). When, however, the
soluble block is made cyclic (n, = 2, ng = 1), binodals get
shifted in the opposite direction indicating stabilization of
nonplanar aggregate morphologies. For example, the linear
block copolymer with composition marked by empty circle
gives rise to cylindrical micelles in the solution after cyclization
of coronal block A. The position of binodal Mg_c) (2,1)
calculated according to eq 15 is shown by a dash-dotted line in
Figure 3. The presented formalism is applicable not only to
nonionic copolymers but also to block copolymer with ionic
(polyelectrolyte) soluble block. By substituting the correspond-
ing expressions>' for Fl corona () and H, oron, (s) for
polyelectrolyte block A in eq 7, one could analyze the shift in
binodals due to branching (cyclization) of copolymer with ionic
soluble block.

In conclusion, we demonstrate that self-assembly of block
copolymer in dilute solution is controlled not only by its
composition M,/Mp and solvent selectivity but also strongly
depends on the architecture of the macromolecule. In
particular, an increase in number n of insoluble arms (blocks)
in the miktoarm star leads to destabilization of spherical
morphology and promotes transition to cylindrical or lamellar-
shaped aggregates. This trend holds even if the total number
Mg of monomer units in insoluble blocks is kept constant. The
relative shift in binodals due to increasing ny is given by the
universal power law dependence with the exponent independ-
ent of the nature of soluble blocks A. The same trend is
predicted in the case of cyclization of insoluble block B in the
diblock AB copolymer. In both cases, destabilization of
spherical morphology is explained by increasing the entropic
penalty for stretching a larger number of blocks B or cyclic
block B in the micellar core. On the contrary, an increase in
number 1, of soluble arms in the miktoarm star (or, similarly,
cyclization of soluble block A in diblock copolymer) stabilizes
the spherical geometry of self-assembled micelles. The shift in
binodals due to an increase in number n, of soluble blocks
depends on the state (charged or neutral) of coronal blocks and
environmental conditions (salinity, pH, solvent quality) in the
solution.
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