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ABSTRACT: Conformations of heteroarm star copolymers A, B, are investigated by off-lattice Monte Carlo
simulations. Intramolecular segregation is always observed in selective solvents. It can also be found in
a common good solvent, which however gives block incompatibility. The degree of Janus segregation is
characterized by the mean-square separation between A and B blocks, x4 — xp)2[] or by the orientation
correlation between the two blocks, Xa-xg[]) where x; denotes the relative position of the center of mass
associated with the block arms i from the star core. The degree of segregation grows with increasing arm
numbers while the effect of arm lengths is insignificant. The influence of the intramolecular segregation
on the aggregation behavior in solution can be revealed through interactions between two star copolymers.
The potential of mean force and second virial coefficient are calculated for various solvent qualities. In
a selective solvent, the blockarm star copolymer can form a unimolecular micelle structure and always
shows intermolecular repulsions. In contrast, the heteroarm star copolymer may display the Janus
segregation, which leads to intermolecular attractions. This consequence facilitates the formation of

multimolecular micelles.

I. Introduction

Star-shape block copolymers possess the ability to
display different morphologies in polymer solutions, in
bulk state as well as at the interface due to their
complex architecture. This unique property allows them
to become potential materials for many applications
such as nanocarriers for drug delivery'— and fabrication
of smart polymer films.* Various molecular architec-
tures of star copolymers have been reported,>~? includ-
ing heteroarm A,B,, blockarm (AB),, and miktoarm
A, B, structures. For heteroarm and miktoarm diblock
star polymers, two different kinds of arms emanate from
the same core. Each arm is composed of only A- or
B-type monomers. A heteroarm star copolymer bears an
equal number of A and B arms such as polystyrene/poly-
(2-vinylpyridine) (PS;—PVP7) while a miktoarm star has
asymmetric A and B arms. On the other hand, a
blockarm (AB), star copolymer is composed of n diblock
arms with one of the blocks as the inner section of the
arms.

In a selective solvent, linear block copolymers may
self-assemble to form multimolecular micelles, which
exhibit a core—shell structure. The worse solubilized
blocks constitute the core while the better solubilized
blocks form the shell. Recently, it is reported that
heteroarm star copolymers are also associated to form
micelles. However, the critical micelle concentration
(ecmc) of the star copolymer is much higher than that
observed for the linear copolymer. For example, the cmc
of PS¢—PVPg in toluene is 7.4 x 1074 g/em?, while that
of the linear copolymer having the same block length is
2.2 x 1077 g/em?®, 3 orders of magnitude lower.1° This
consequence indicates that the difference in architecture
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between star and linear copolymers results naturally
in diverse unimolecular conformations and therefore
their solution behavior.

Single molecular conformations associated with a star
copolymer play an important role in determining the
aggregation behavior in different solvent qualities. Most
of the investigations on morphology of structures formed
by macromolecules in solutions were inferred from
scattering techniques, viscometry, or cryo-transmission
electron microscopy. However, details of morphology
cannot be easily extracted for molecules with complex
structures. Recently, single molecular morphologies of
heteroarm star copolymers were studied by atomic force
microscopy (AFM) with molecular resolution.1-12 As-
suming that the adsorbed molecules still retain their
conformations formed in solutions, PS;—PVP; was
deposited onto mica or Si wafers from different solvent
conditions. The experimental results revealed that even
the solvent (S) is good for both A and B blocks of a star
copolymer; differences in affinity between A—S and B—S
induce an intramolecular segregation, leading to the
formation of Janus-like conformation. On the other
hand, a near-uniform spherical structure is present as
the attraction between A—S and B—S becomes compa-
rable. Those works provide us with insightful informa-
tion on possible conformations associated with het-
eroarm star copolymers in solutions. Nonetheless, these
findings were based on speculation from the observed
“hatlike” and “spherical” conformations of the adsorbed
star copolymers. It is still doubtful whether or not the
polymer conformation in solution is preserved after
deposition.

An alternative for studying macromolecular features
that are not fully explained by experiments is computer
simulation. Monte Carlo (MC) simulations have been
performed for homoarm star polymers and provided
deeper insight into developing the scaling relations of
conformational properties.!3-15 The conformation prop-
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erties of miktoarm star copolymers in dilute solutions
were investigated, and the simulation results were used
to examine the validity of certain theoretical models.6
Recently, conformations of heteroarm star copolymer in
good and selective solvents were studied by lattice MC
simulations. In strongly selective solvents, the possibil-
ity of the formation of nonspherical structures was
suggested.1” In this work, we investigate intramolecular
segregation phenomena of heteroarm star copolymer
due to incompatibility of arms with different block types
as well as selective solvents. The effects of arm numbers
and lengths on the degree of Janus segregation are
studied. To understand the influence of morphology on
the solution behavior, the potential of mean force and
second virial coefficient are also calculated for various
solvent qualities.

II. Methodology

The star polymer contains total beads N = fL + 1,
where f represents the arm number and L is the arm
length in terms of the number of beads. The interactions
between bonded beads are represented by an infinite
deep square-well potential uj, as18-20

© =60
Pu,=40 co>r=o (1)

o r<g

where o is the bead diameter, ¢ = 1.4, and 8 = 1/kgT.
kp denotes the Boltzmann constant and 7' the temper-
ature. This interaction potential indicates that each
randomly selected bead on the star polymer was allowed
to move around its position with a restriction of the bond
fluctuation between o and 1.40. Nonbonded beads
interact through the square-well potential u,,,

0 r=io
Bu, (r) ={Bepy Ao >r=0 (2)

© r<o

where p, ¢ = A or B and 1 = 1.5. Note that the star-
core bead is neither A nor B type. It interacts as a hard
sphere with all the other beads on the star copolymer.
Although no solvent particles are explicitly taken into
account in the simulations, this model potential depicts
the solvent-mediated short-range interactions.21-22 The
energy parameter €,, (€aa, €8B, €ap), which should be
considered as potential of mean force rather than
potential energy, is varied to promote repulsion (attrac-
tion) in addition to the excluded-volume interaction. For
example, in water and other polar solvents, the hydro-
philic (polar) segments prefer being surrounded by
solvent molecules so that the solvent-mediated interac-
tions between these two segments are effectively repul-
sive (epq > 0). On the contrary, the hydrophobic seg-
ments in the polar solvent therefore tend to attract each
other (epq < 0).

The trial move employed for chains of the equilibra-
tion and production process is bead displacement mo-
tion. It involves randomly picking a bead and displacing
it to a new position in the vicinity of the old position.
The distance away from the original position is chosen
with a probability that the condition of equal sampling
of all points in the spherical shell surrounding the initial
position must be satisfied. The new configuration re-
sulting from this move is accepted according to the
standard Metropolis acceptance criterion.?3
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The effective interaction between two star copolymers
can be manifested through the second virial coefficient
Bs. The virial expansion for the compressibility factor
takes the form

BPlp =1+ Byp + Byo” + ...

where P denotes the osmotic pressure, p is the molecular
number density of the system, and B; represents the nth
virial coefficients. We adopted the algorithm proposed
by Harismiadis and Szleifer?* to evaluate Bs. The second
virial coefficient can be calculated in terms of the

interaction potentials from standard statistical mechan-
icg25.26

F (&) — 2F
B,=2xf (1 - exp[— %})é e (3

where F; is the Helmholtz free energy of a single
polymer at infinite dilution in a solvent and F(£) is the
Helmholtz free energy of a system composed of the same
solvent and two polymers when their center-of-mass
distance is &. The difference in the exponential can be
thought of as an effective potential between the poly-
mers, i.e.

U (&) = Fy(&) — 2F, = —kT Inleéxp[—pU,E)]0 (4)

where Uz is the intermolecular interaction energy
between the two polymers. [--CJdenotes a canonical
average over all the configurations of the two polymers.
Note that each polymer does not know the presence of
the other polymer. A trial move leading to overlap of
two star polymers is allowed but yields an infinite value
of intermolecular interaction, Us — o.

The algorithm used to calculate U.g and then Bs is
as follows: 2 x 10° completely independent polymer
conformations are generated by using the Metropolis
recipe.?® A pair of polymers is selected out of 10° pairs.
One of the pair is placed with its center of mass fixed
at (0, 0, 0). Then place another polymer with its center
of mass set at (, 0, 0); i.e., two polymers are separated
by a distance of &. The separation & is systematically
increased during the simulation process to estimate the
effective potential, U.x(&). At each separation, 50 ran-
dom rotations of the second polymer are performed. A
total of 5 x 10% Us; are sampled at each separation. After
the effective potential between the polymers is calcu-
lated by eq 4 as a function of & the second virial
coefficient can be obtained through eq 3.

II1. Results and Discussion

The intramolecular segregation may be induced by
two mechanisms: the selective solvent and the incom-
patibility between A and B block arms. These two
mechanisms tend to separate arms of A block from arms
of B block. On the contrary, the conformation entropy
favors complete mixing between those two blocks. The
competition between internal energy reduction and
entropy effect determines the degree of segregation. Two
limits are therefore anticipated: the complete mixing
corresponding to the homoarm star polymer and in-
tramolecular Janus segregation corresponding to ex-
treme incompatibility.

The simplest case associated with the selective solvent
condition corresponds to egg < 0 and €as = eap = 0. The
solvent is athermally good for A arms but is relatively
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poor for B arms. In fact, under this condition, the
interaction between A and B arms is not simply excluded-
volume repulsion but implicitly repulsive.2” On the other
hand, the simplest case for the block incompatibility is
represented by eap > 0 and e€sa = egg = 0. In an
athermally good solvent for both A and B arms, there
exist solvent-mediated repulsions between A and B
arms. For the above-mentioned two mechanisms, the
solvent quality for the whole star copolymer is assumed
to be away from the poor solvent regime.

Similar to the excluded-volume parameter /5 — y,
with y denoting the Flory—Huggins interaction param-
eter, an integral measure of solvent quality?! can be
defined as

v= %(bAA + by + 2b,p) »)

where b;;, representing the partial bare second virial
coefficient between segment i and j, is normalized as

27 [.°[1 — exp(—pu;)lr* dr

(6)

Here by = 270%/3 represents the second virial coefficient
associated with hard spheres. As mentioned earlier, the
polymer segments interact through a square-well po-
tential as in eq 2; thus

b; =1+’ — DI1 — exp(—pe,)]

where A and ¢; are the width and the depth of the
potential well. For an athermally good solvent (¢;; = 0),
one has b;; =1 and v = 1. A phantom chain has b;; = 0
and v = 0. If a ®-solvent displays behavior similar to a
phantom chain, a poor solvent corresponds to negative
values of v. In the present study, the solvent quality
associated with block incompatibility case (feap > 0) is
always athermally good while that of selective solvent
case declines with decreasing epp. Nevertheless, the
integral measure of solvent quality v > 0 as long as
ﬂEBB =z —1.

A. Block Incompatibility. The morphology of a
heteroarm star copolymer depends significantly on the
solvent-mediated interaction between A and B blocks.
The incompatibility between A and B block arms can
be realized in terms of repulsion between A and B
blocks. Despite of the fact that both blocks are in an
athermally good solvent condition (€44 = ¢gp = 0), the
solvent-mediated interaction between A and B block
arms ¢4p is able to induce chain collapse (¢ap < 0) or
Janus segregation (eqap > 0) within a heteroarm star
copolymer. When fieas = 0, fepp = 0, and Beap = —0.611,
one has bpa =1,bpg =1, and byg = —1 and thusv =0
(eq 5). It implies that for the case of specific interactions
between A and B blocks feap = —0.611 corresponds to
a O-solvent condition at which the excluded-volume
repulsion cancels out the A—B segment attraction. In
other words, a solvent which is athermal for A as well
as for B obviously is acting like a ®-solvent for AB block
copolymers in (the hypothetical) case of a strongly
attractive interaction between A and B, ffeap = —0.6.
Note that for a diblock star copolymer there is no exact
definition of the theta condition. The condition v = 0 is
merely an indication of the onset of polymer collapsing
process. Many parameter combinations can result in
theta states (in which v = 0). For example, feaa = fepp
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Figure 1. Variation of radius of gyration with the A—B
interaction for various arm numbers at a fixed arm length (L
= 20): (a) for the whole star copolymer and (b) for the A block
arms. All the lengths are scaled by the diameter of the bead
o.

= —0.2 and fBeap = —0.48 also leads to the result of v =
0. Different theta states may correspond to different
molecular conformations. If one analyzes the monomer
pair correlation function such as gaa, gsp, and gap,
different outcomes may emerge for different theta
states. Nevertheless, v = 0 is a reasonable measure of
solvent quality.

As feap < —0.611, the star copolymer is in a poor
solvent condition, and it has a collapsed conformation.
This inference is consistent with the variation of the
radius of gyration with fesp. As shown in Figure 1la,
the maximum slope of [R.2Ooccurs at Seap = —0.6. The
radius of gyration decreases rapidly toward a constant
as the attraction between A and B blocks (eag < 0) is
increased. When the interaction is repulsive, eap = 0,
however, the variation of the radius of gyration with
€ap 1s insignificant for a given arm number. It indicates
that the excluded-volume interaction plays a more
important role than that of the short-range A—B seg-
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ment repulsion in determining [R,?[ If there exists no
segregation within a star copolymer, the radius of
gyration associated with A (or B) block, [Ry4%[] is
expected to demonstrate behavior similar to that of
[R,2[] With decreasing A—B segment attraction (eap <
0), Figure 1b shows that [Rg4%0grows rapidly and
reaches a maximum at e4g = 0 (a homoarm star
polymer). As the repulsion is increased further eag > 0,
however, a gradual decline of (R, 420is observed. The
extent increases with arm number. This consequence
implies that repulsion between A and B blocks leads to
a change in the conformation of A (or B) block.

The relative position of the center of mass associated
with A (or B) block from the star core (x4) is an
indication of the conformational change of A block.
When A—B block segregation takes place, the center of
mass associated with A block is no longer in the vicinity
of the center of the star copolymer (star core). It shifts
away from the star core, and hence [Ry420is lowered.
To verify the above statement, the variation of the
mean-square center of mass of A block X42[(relative to
star core) with feap is illustrated in Figure 2a for a given
arm length L = 20. Note that xs2consists of contribu-
tions due to arm fluctuation, excluded-volume expan-
sion, and segregation. Since the arm fluctuation is
getting significant with decreasing arm number, X420
is generally higher for smaller f.

For a given arm number, the conformations of the
stars in A—B segment attraction and repulsion regimes
are quite different. For larger arm number, f = 16, the
segment density is rather high, and the fluctuation of
x4 is therefore strongly hindered. In the attractive
regime, an approximately symmetrical sphere (with
respect to the star core) is formed. When the attraction
is weakened, the excluded-volume interactions expand
the polymer and lead to a rise in [Xs2[] The A—B
segment repulsions induce the Janus segregation and
thus increase X 2(ffurthermore. For smaller arm num-
ber, f = 6, Xs2[also grows in the repulsive regime due
to excluded-volume expansions and intramolecular seg-
regation. However, in the attractive regime, there exists
a competition between A—B segment attraction-induced
collapse and asymmetric segment distribution around
the star core. At dilute segment density, the collapse
toward to star core is no longer a better way to increase
A—B segment contact because the volume available in
the vicinity of the star core is smaller than that of the
outer shell. As a consequence, the star core may be
pushed outside instead of being located at the center of
the star copolymer. An asymmetric globule (with respect
to the star core) is thus formed. The collapse gives a
small value of Xs2[(0while the asymmetry results in a
rise in (X42[] A minimum is therefore observed slightly
lower than the ©-point at lower arm number. Figure
2a clearly shows that [x,20 always grows as A—B
repulsion is increased. Nonetheless, Xa2[of f = 16 grows
faster than those of f = 6 and 10. This consequence
reveals the increasing tendency of intramolecular seg-
regation for a star copolymer with higher arm number.
Figure 2b depicts the variation of Xs20with the arm
number f at very strong A—B repulsion (Beaz = 100).
For feap > 1, the segregation effect reaches its maxi-
mum. An increase in arm number leads to a decrease
in the arm fluctuation effect but an increase in the
segregation effect. As a result, Xs2[declines rapidly
first, reaches a minimum, and then rises toward a
plateau. The minimum takes place at f = 10, owing to
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Figure 2. Mean-square distance from the center of mass
associated with A block arms to the star core is plotted against
(a) the A—B interaction for various arm numbers and against
(b) the arm number for Besp = 100.

the competition between arm fluctuation and intramo-
lecular segregation.

As we know, the coordination number for hexagonal
closest packing of hard spheres is 12 (when ¢ = 1 in eq
1). However, in our work ¢ = 1.4; the largest accessible
value of f, identified as fmax, can reach 18 by random
testing. It is plausible to conclude that the true fiax
should be a little over 18. Since fiax = 18, there is still
space for the first bead in an arm to move around for f
= 16. In general, the relaxation time of the inner part
of the star is expected to be much longer than that of
the outer parts. However, it is found that the autocor-
relation functions of the first and the second bond
vectors originated from the core for f = 16 are about
40 000 MC steps/bead and 20 000 MCs/bead, respec-
tively. Our simulation length (=108 MCs/bead) are well
over the calculated relaxation times. Therefore, we
believe that the outer parts as well as the inner parts
of the stars are equilibrated in our simulation condi-
tions.
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B. Degree of Segregation. The conformational
properties [Ry20and Xa20Odisplay qualitatively some
characteristics associated with intermolecular segrega-
tion of a heteroarm star copolymer. To investigate the
extent of segregation quantitatively, one must define the
degree of segregation within a heteroarm star copoly-
mer. As a first approach, the degree of segregation can
be characterized by the mean-square separation be-
tween A and B blocks

x, —x )2D
SI=A—23 7
2,20

To remove the direct influences associated with molec-
ular architecture, such as arm length, the mean-square
separation (x4 — xp)20is scaled by the mean-square
distance from A (or B) block center to star copolymer
core. The latter varies with segment—segment interac-
tion €4, arm number f, and arm length L.

Since S; = 1 — Xa'xpllXs2[] one can also define
another degree of segregation as

X, xp00
Sy=—7" 8)
x,%0

Evidently, -1 < S < 1 and thus 0 < S; < 2. For a
phantom polymer, the center locations of x4 and xg are
independent of each other, and thereby their correlation
is zero, X4 xp[= 0. As a consequence, S; = 1 and Sy =
0. Following eq 8, a similar degree of segregation can

be defined as
b’
S = EP-—BD: [dos A0 9)
4l 1Xpl

Note that —1 < S < 1 and S = 0 for a phantom
heteroarm star copolymer. The degree of segregation
may vary with strength of A-B interaction esp, arm
number f, and arm length L. If A and B blocks are
attracted toward each other, the angle between x4 and
xp (0) is less than 7/2, and thus one has S > 0. On the
contrary, the repulsion yields the separation between
A and B blocks. Since 0 > n/2, the intramolecular
segregation results in S < 0.

The degree of segregation is adopted to examine the
separation between A and B block arms within a
heteroarm star copolymer. The variation of the degree
of segregation Sy (or S;) with feap is depicted in Figure
3. In the regime of strong A—B segments attraction,
Figure 3a shows that there exists strong positive cor-
relation between x4 and xp. Since S; = 1 — So, this
result also means the mean separation between A and
B blocks is small compared to the mean separation from
the block center to the star core, owing to collapsed
conformations. In addition, the aforementioned facts
imply that A and B segments are uniformly mixed, but
the star core is pushed away from the centers of both
blocks. With increasing feap, the correlation declines
and the separation ratio grows. At feap ~ —0.5,S; = 1
and S3 = 0 reveal that the excluded-volume interaction
approximately cancels out the A—B segment attraction.
Note that dS1/dBeap (—dSa/dBeap) also displays a maxi-
mum near feag = —0.6, which is close to the ®-solvent
condition based on the integral measure of solvent
quality, eq 5. These points are expected to coincide for
infinitely long arm length. For Seag 2 —0.5, the fact that
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Figure 3. Variation of the degree of segregation (a) Xa-xp[/
Xa42Cand (b) [dos #0with the A—B interaction for various arm
numbers at a fixed arm length (L = 20).

x4 and xp correlation becomes negative indicates the
occurrence of intramolecular segregation is due to
excluded-volume interactions and chain connectedness.
The A—B segment repulsion strengthens the segrega-
tion furthermore. Because of its short-ranged nature,
the degree of segregation reaches an asymptotic value
that must be greater than —1 (perfectly aligned in
opposite direction). Another definition of degree of
segregation S ([dos O0) displays very similar behavior,
as shown in Figure 3b.

The effect of arm number f on the degree of segrega-
tion is demonstrated in Figure 3a,b for various arm
numbers at a given arm length L = 20. When A—B
segments are well mixed due to strong A—B attraction,
the influence of arm number is insignificant. However,
as the attraction is weak enough, the excluded-volume
interaction becomes dominant and the difference in arm
number takes effect. Figure 3a,b clearly shows that as
the arm number is increased, the degree of segregation
rises. Increasing arm number means raising segment
density within a star polymer because the number of
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Figure 4. Variation of the degree of segregation [dos OCwith
the A—B interaction for various arm lengths at a fixed arm
number (f = 10).

segment grows more rapidly than the radius of gyration
does. In a mixture of A- and B-type monomers, the
short-ranged repulsion is able to result in phase separa-
tion. In a star copolymer, different extents of segregation
may occur instead due to the competition between A—B
segment repulsion and conformational entropy. Here we
define the extent of intramolecular Janus segregation
as the degree of segregation exceeding that associated
with a homoarm star copolymer (e4z = 0). For f = 6,
the free volume available to an arm is large enough.
The conformational entropy contribution is more im-
portant than that of A—B repulsion, and therefore the
Janus segregation is weak. For f = 16, on the contrary,
the repulsion dominates over the entropy, and the Janus
segregation is more evident. In other words, the extent
of Janus segregation rises with increasing arm number.
In contrast, the influence of arm length on the Janus
segregation is insignificant. Figure 4 demonstrates the
variation of degree of segregation (S3) with feap for
various arm lengths at a given arm number f = 10. In
general, the degree of segregation grows slightly with
increasing arm length despite of the fact that the
segment density actually declines with increasing arm
length. This consequence indicates that the short-
ranged A—B segment repulsions offer their major influ-
ences on intramolecular Janus segregation in the vi-
cinity of the star core. The chain connectedness yield a
relatively weak segregation effect. The snapshot of the
morphology of a heteroarm star copolymer at different
A—B interactions due to A—B block incompatibility is
shown in Figure 5. The intramolecular Janus segrega-
tion is evidently displayed at feap = 0.4 and 0.8 while
it is not clear at feap = 0.

C. Selective Solvent. In a selective solvent, the
collapse of B block arms can lead to the intramolecular
segregation. Two possible molecular morphologies may
be formed: Janus-like or micelle-like conformations. The
latter consists of a hydrophobic core made by a B
segment globule and a hydrophilic shell made by arms
of A segment. Previous researchers often implied the
formation of micelle-like morphology for intramolecular
segregation within a heteroarm star copolymer. The

Macromolecules, Vol. 38, No. 14, 2005

T w

(©)
Figure 5. Snapshots of a heteroarm star copolymer with /=
16 at different A—B interactions are shown to display the
intramolecular Janus segregation due to block incompatibility.
(a) Pear = 0.0, (b) fear = 0.4, and (c) feap = 0.8.

degree of segregation defined in eq 8 or 9 is a good
indicator for determining the morphology. The degree
of segregation approaches —1 for the Janus-like segre-
gation while it is close to zero for the micelle-like
segregation. Our simulation results confirm that het-
eroarm star copolymers adopt the Janus segregation.

For a selective solvent with eqs = eap = 0 and ¢pp <
0, the partial bare second virial coefficients are baa =
bap = 1. As Bepp < —0.35, one has bgp < 0. That is, the
B block arms are in ®-solvent condition at Segg = —0.35.
The theta value estimated here is in good agreement
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Figure 6. (a) Variation of the radius of gyrations of the whole
star copolymer [R,2[] A block arms (R, 4[] and B block arms
[(Rep*Uwith the B—B interaction. (b) Variation of the mean-
square distance from the block center to the star core, X420
and Xg2[ and the center-to-center separation between A and
B blocks, [xs — xp)%[) with the B segment attraction for f =
16 and L = 20.

with other estimates.?? Figure 6a shows that the
maximum slopes of [Rg 5?[) (R, 42[Jand (R 2[bccur at Sepp
=~ —0.4. Note that the radius of gyration of A block arms
with Bepp < 0 is slightly smaller than that with Sepp =
0, owing to the decrease of excluded-volume repulsions
provided by B block arms. Figure 6b demonstrates
further the mean-square distance from the block center
to the star core (x42Cand Xg?0 and the center-to-center
separation between A and B blocks ([(x4 — xg)20). Those
characteristic distances grow first and then decline with
decreasing fSepp. One can evidently observe that there
exist maxima in Xs20and (x4 — xp)20 This result
reflects the competition among influences associated
with collapse of B block arms, intramolecular segrega-
tion, and arm fluctuations. The growth regime signifies
the collapse of B block arms and intramolecular segre-
gation. In comparison with homoarm star polymers, the
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Figure 7. Degree of segregation in a selective solvent is

plotted against the B segment attraction for f = 16 and L =
20.

Janus segregation reduces the space available for arm
fluctuations of A or B block arms. It also pushes the
mean block center away from the star core. The mean
separation between A and B blocks is therefore in-
creased. However, once the arms of B block have been
in a poor solvent condition, the space volume occupied
by B blocks shrinks significantly. Consequently, arm
fluctuations associated with A block rise slightly and
result in a weak decrease of X 20and [(x4 — xp)2[] The
maximum values of the negative derivative, such as
—d[X;2[/dfBepp), correspond to the ®-solvent condition
associated with B blocks. That is, the attraction among
B segments is balanced by their excluded-volume repul-
sion. At even stronger B segment attractions, the
maximum values of the positive derivatives are located
at about fepg = —1. In accord with the integral measure
of solvent quality, v < 0 only when fBegg < —0.99.
Thereby, it can be regarded as the conformation cross-
over due to the balance between the B block attraction
and the A block repulsion.

Figure 7 shows the variation of the degree of segrega-
tion with the B segment attraction for f = 16 and L =
20. Both definitions display that the Janus segregation
grows with increasing the B segment attraction. How-
ever, it seems that a maximum extent is reached and
then —S (or —S3) declines slightly. Again, this result
can be attributed to the reason that A block arms invade
the space yielded by the B block globule. Figure 8
illustrates the snapshots of the polymer morphology.
The increase in the B segment attraction fegp from
—0.2, —0.6, to —1.0 clearly demonstrates the gradual
formation of the B block globule. The angle (0) spans
from A block center to B block center is toward z and
yields the Janus morphology. The consequence of the
Janus segregation is responsible for the formation of the
multimolecular micelles by heteroarm star copolymers
and can be explained by the effective intermolecular
potential.

D. Effective Interaction Potential and Second
Virial Coefficient. The physical significance of the
intramolecular Janus segregation can be manifested
through the effective interaction potential Ugm(&) and



6208 Chang et al.

G i, g
L b F
e (a)

- (b)

< (©)
Figure 8. Snapshots of a heteroarm star copolymer with f =
16 at different B segment attraction are shown to display the
intramolecular Janus segregation due to selective solvents. (a)
ﬂEBB = —0.2, (b) ﬂGBB = —0.6, and (C) ﬁGBB = —1.0. The bead
with white color represents B-type monomer.

the second virial coefficient By between two star copoly-
mers. In selective solvents for B-type monomers, we
consider the effect of solvent quality fegp on both fUcs
and Bj = By/(4nR4%/3). Owing to the excluded-volume
interactions between segments, the effective interaction
between two homoarm star copolymers (egg = 0) is
always repulsive. As shown in Figure 9, the potential
of mean force is monotonically increased with decreasing
intermolecular distance £. As the B segment attraction
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Figure 9. Potential of mean force (Uer) between two het-
eroarm star copolymers is plotted against the intermolecular
distance &/R, for various B segment interactions. For compari-
son, U.sr associated with a blockarm star copolymer at fegg =
—1.0 is also given.

Table 1. Scaled Second Virial Coefficient as a Function
of the B Segment Attraction

Perp B; Pesn B; Peas B;

0.0 7.86 —-0.4 7.52 —-0.8 —141
-0.1 7.63 -0.5 6.39 -0.9 —4790
—-0.2 7.73 —-0.6 5.14 -1.0 —33800
-0.3 7.60 -0.7 —24.9

is increased, the repulsion between the two polymers
declines. When the attraction between B segments is
strong enough, i.e., fepp = —0.6, a minimum appears
at £ ~ 1.8R,; in Uex(&), indicating the existence of
intermolecular attraction at some separations, just like
the Lennard-Jones potential. This consequence reveals
that two star polymers with Janus segregation are in
favor of arranging themselves with the two B block
globules in close neighborhood configuration. The well
depth of the effective interaction potential increases
rapidly with increasing B segment attraction. The net
interaction between two heteroarm star copolymers is
determined by the competition between globule—globule
attractions and excluded-volume repulsions. It can be
manifested through the second virial coefficient. As
illustrated in Table 1, for fegg > —0.5, By is about 6—8
times of the characteristic polymer volume 47R,%/3,
which varies with fepp as well. However, the fact that
B} drops rapidly from positive to negative values at
—Pepp = 0.6—0.7 indicates that strong intermolecular
attraction occurs due to intramolecular Janus segrega-
tion. Note that for B type homoarm star polymers a
value of fepg ~ 0.3 is expected for a vanishing virial
coefficient. For a AB heteroarm star copolymer, as an
attractive interaction between BB implicitly induces a
repulsive interaction between AB, thus a more negative
parameter is necessary as compared to the case. The
Janus segregation and micellization in selective solvents
have the same thermodynamic origin. The formation of
Janus structures in individual stars may facilitate the
association process and speed up the micellization
kinetics. Consequently, like the micelles formed by a few
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(a)

(b)
Figure 10. Two representative snapshots of a blockarm star
copolymer with f = 16 at fegg = —1.0 are shown to display
the micelle-like segregation. The bead with green color rep-
resents A-type monomer.

surfactants or diblock linear copolymers, Janus-like
heteroarm star copolymers can self-assemble to form
multimolecular micelles.

It should be mentioned that our simulation of the
second virial coefficient may slightly underestimate the
association tendency of stars in selective solvents.
Theoretically the method employed here should provide
correct value of By as long as all possible conformations
for the star polymers have been sampled. It is possible
that some energy-driven conformations associated with
a pair of Janus stars may not be sampled in our
simulation scheme. In that case, an even stronger
attractive interaction, i.e., more negative Bg, should be
obtained.

In this study, our MC simulations clearly show that
the intramolecular segregation can take place within a
heteroarm star copolymer under appropriate conditions
of block incompatibility or selective solvents. The degree
of segregation grows with increasing arm numbers. The
segregation morphology adopts the Janus-like confor-
mation, which faciliates the formation of multimolecular
micelles. Recently, however, the unimolecular micelle
morphology (collapsed core-extended shell) for a single
heteroarm star copolymer is proposed based on the AFM
observation of PS;—PVP; adsorbed on mica.? This
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inference is based on the assumption that the adsorption
process does not alter the polymer conformation. None-
theless, the Janus-like structure in bulk solvent may
be easily transformed into the unimolecular micelle
morphology upon adsorption if the collapsed core is
maintained. In contrast, the unimolecular micelle mor-
phology can be formed by the blockarm star copolymer.
Figure 10 shows two representative snapshots of the
blockarm star copolymer with a collapsed core by B
segment and extended hairy arms by A segment at Sepp
= —1.0. Just like homoarm star polymers, our calcula-
tions show that the effective interaction potential
between two blockarm star copolymers is always repul-
sive, as illustrated in Figure 9, even at fegg = —1.0.
This consequence indicates that it is rather difficult for
star copolymers possessing a unimolecular micelle
morphology to form multimolecular micelles, owing to
the excluded-volume interactions provided by the ex-
tended shell of hairy arms.
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