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Introduction

Block copolymer in a selective solvent for one of the
blocks can form a variety of micellar structures, ranging
from spheres, cylinders, or bilayers to more complex
bicontinuous structures.~3 These structures can be used
in various applications such as drug carriers*® and
nanoporous materials.®” In such applications, it is
necessary to design the molecular structure of block
copolymer that would yield a desired micellar structure.
Indeed, the molecular architecture is one of the most
important molecular factors in determining micellar
morphology, since it strongly affects the conformational
restriction of block copolymers compatible with the
packing geometry of micellar structure. Here, the mo-
lecular architecture is determined by a variety of
constitutional parameters (e.g., composition, sequence,
etc.) and a wide range of topological parameters (e.g.,
linearity, rigidity, etc.). A number of earlier works have
focused on the micellar structures of flexible block
copolymers with various architectures and revealed the
importance of the composition of hydrophobic block in
determining the shape and size of the micelle.8~12 In
contrast to those extensive investigations on the micel-
lization of flexible block copolymers, relatively few works
have been conducted on the effect of chain rigidity on
the micellar structure, particularly for nonlinear chain
such as graft copolymer.13

In this paper, we investigate the micellar structure
of amphiphilic T-shaped graft copolymer consisting of
a rigid backbone and a flexible side chain in a solvent
selective for the flexible side chain by using a Brownian
dynamics simulation. In particular, this work focuses
on how the conformational restriction of the graft
copolymer imposed by both backbone rigidity and chain
topology of graft copolymer affects the packing geometry
of micellar aggregates.

Model and Simulation

The Brownian dynamics simulations are performed
on a cubic box with periodic boundary condition. The
chain dynamics is assumed to obey the Brownian
dynamics, and hence the equation of motion is given by4

myV;(t) = —mi&vi(t) + Fi{x(1}) + Ri(t) (1)

where mj is the mass of particle i, and X, vi, Fi, and &;
denote the position, velocity, sum of all forces, and
frictional (damping) coefficient acting on the particle i,
respectively. In the Brownian dynamics, the effect of
solvent molecules is implicitly treated by friction & and
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Figure 1. Concentrations of unimers (c;) as a function of the
total chain concentration (c) for T-shaped copolymers of Ng =
9 and Ns = 8. The solid line indicates the ideal gas behavior
(c1 = c), and the dashed lines are linear fits to data points.
Snapshots of representative micelles at the concentration
slightly above cmc are shown as insets. For clarity, the
insoluble backbone chain is represented as thick, dark gray
sticks and soluble side chain as thin, light gray sticks.

the random noise term R;(t), which is assumed to be
stationary and Markovian, to have Gaussian distribu-
tion with zero mean and to have neither correlation with
prior velocities nor correlation with the systematic
forces.

The T-shaped copolymer is modeled by a combination
of hydrophobic backbone (B) and hydrophilic side chain
(S) grafted at the center of backbone chain. The numbers
of beads in the backbone (Ng) and the side chain (Ns)
are Ng = 9 and Ns = 4, 8, 16, and 24. The harmonic
potential is employed for bonded pairs, and the Len-
nard-Jones (LJ) potential with the well depth € (energy
unit) and the bead diameter o (length unit) is used for
nonbonded pairs. Details of the parameter values used
for harmonic and LJ potentials are found in our previous
publication.’> To take into account the rigidity of
hydrophobic backbone, a bending potential Uy is intro-
duced by the following formula:'6

U, = k,(cos 6 — cos 6,)%, 6, = 180° 2)

where kg is the bending constant and 6 is the angle
between two successive bonds. The bending constant of
a backbone is varied from ky = 0 to kg = 103¢ while that
for flexible side chain remains constant (ks = 0). Using
a velocity—Verlet algorithm for integration of the equa-
tion of motion, the system is equilibrated typically for
1-2 million time steps, after which the structural
guantities such as the average aggregation number are
changed within statistical error.

Results and Discussion

To determine the critical micelle concentration (cmc),
the unimer concentration (c;) is plotted against the total
concentration of T-shaped graft chain (c) for two differ-
ent cases of ky = 0 and kg = 103, as shown in Figure 1.
The cmc is determined from the intersection of the line
in the unimer regime (c; = ¢) and the second linear line
in the micellar regime.l” The insets in Figure 1 show
the snapshot pictures of micellar structures for two
cases (kg = 0 and ks = 103¢) taken at the concentrations
slightly above the respective cmc. From the c;—c curves
in Figure 1, it is observed that the cmcs are 0.008703
for kg = 0 and 0.0018073 for kg = 103 indicating that

© 2004 American Chemical Society

Published on Web 12/17/2003



Macromolecules, Vol. 37, No. 2, 2004

Notes 677

Figure 2. Snapshots of the micellar aggregates formed by T-shaped copolymer (Ng = 9 and Ns = 8) at different rigidity of
backbone chain: (a) ko =0, (b) kg = 10¢, (c) ko = 10%, and (d) kg = 10%. Polymer concentration is fixed as 0.080~3 (n = 144 in cubic
box with the length of one side being 31.10). The visual symbols are the same as those in Figure 1.

the micellization of the graft chain with a rigid backbone
becomes easier as compared to that with a flexible
backbone. This is understandable by the fact that the
probability of finding a contact between two neighboring
backbones is proportional to the hydrodynamic radius
of a backbone chain.

Another interesting feature is that the packing ge-
ometry of micellar structure changes from sphere to
cylinder as the hydrophobic backbone becomes more
rigid. Such morphological change induced by increasing
the rigidity of backbone is more clearly illustrated in
Figure 2. When the backbone is flexible (Figure 2a), the
graft chains form spherical micelles adopting the hair-
pinlike conformation of backbone in the core of micelle.
As the rigidity of backbone increases, such conformation
of backbone chain becomes less favored, and therefore
the backbone chain becomes stretched to align with each
other, as can be seen in Figure 2.

The cylindrical micelle shown in Figure 2d has unique
structural features in two respects. First, the backbones
of graft chains in the core of the cylindrical micelle align
with each other in such a way that the direction of
backbones is perpendicular to the radial direction of
cylinder. This molecular packing is strikingly different
from the conventional cylindrical micelle?8 formed by
flexible diblock copolymers in which the chain direction
of hydrophobic block in the core of cylindrical micelle is
parallel to the radial direction. When the degrees of
alignment of backbones with different bending constants
are compared with each other, as listed in Table 1, it is
obvious that the chain in the micelles becomes more

Table 1. Degree of Alignment between Backbone Chains
in the Micelle

Ky [€] fa
0 0(0)
10 0.03 (0)
102 0.20 (0.01)
103 0.53 (0.02)

2 The degree of alignment (f) is determined by the formula f =
[@os2 00— [80S? OlJandom Where 0 is defined as the angle between
two chain vectors with each chain vector being constructed by
connecting both ends of backbone of a T-shaped copolymer in the
micelle. The value in parentheses denotes the standard deviation.

stretched to the axial direction as the rigidity of
backbone chain increases. It is noted that the rodlike
micellar structure has been experimentally observed
from perfluorosulfonated ionomer (Nafion) in an aque-
ous solution, in which the fluorocarbon backbone forms
the core of the rodlike micelle and the pendant side
chain with an ionic group shields the core of the
micelle.?®

The second feature of note is that the diameter of core
of the micelle is very small such that the length scale
of the diameter is an order of bead diameter o. A
measure from Figure 2d reveals that the core diameter
is about 3.50, which corresponds roughly to 3—4 nm in
real scale. Obviously, forming such a thin wirelike
micelle is attributed to the fact that the radial growth
by the parallel packing of rodlike backbones are limited
by the presence of the flexible and hydrophilic side
chains connected to the middle point of backbones. To
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Figure 3. Snapshots of the micellar aggregates formed by T-shaped copolymer (Ng = 9 and Ns = 8) with side chain grafted onto
different positions of polymer backbone: (a) between middle point and end of backbone and (b) at the end of backbone. Polymer
concentration is fixed as 0.08072 (n = 144 in a cubic box with the length of one side being 31.10). The visual symbols are the same

as those in Figure 1.
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Figure 4. Plot of the diameter of cylindrical micelle vs the
length of grafted side chain. The length of insoluble backbone
is fixed Ng = 9. To keep the concentration of copolymers (c =
0.08073) unchanged with different chain length, the box size
is changed while the number of chain (n = 144) is fixed.

examine the size effect of simulation box on the diam-
eter of cylindrical micelle, we simulated micellization
by increasing the box size from 31.1¢0 to 39.2 ¢ in the
length of one side and found that the micellar properties
(the core diameter and morphology) are nearly un-
changed with the size of simulation box.

The grafting position of side chain onto the backbone
may also play a crucial role in determining micellar
morphology. As the location of junction is changed from
the center of rigid backbone to the end of the backbone,
the long cylindrical (wirelike) micelle breaks into sepa-
rate aggregates, as shown in the snapshot pictures of
Figure 3, suggesting that the formation of wirelike
micelles arises from a combinatorial effect of backbone
rigidity and T-shaped architecture.

It is expected that the diameter of a wirelike micelle
and its uniformity are dependent upon the length of
hydrophilic side chain because the side chain shields
the surface of the core in the micelle from exposing to
the solvent. When the averaged diameter of the core (d)
is plotted against the length of grafted side chain (Ns)
at fixed values of Ng = 9 and kg = 103, it is realized
that the core diameter asymptotically approaches a

) J o
3 '#3;>' '

AT

Figure 5. Snapshots of the cylindrical micelle formed by
T-shaped copolymer at different length of the soluble block:
(@) Ns = 4 and (b) Ns = 16. The visual symbols are the same
as those in Figure 1.

value for the minimal packing in the radial direction
as the length of the side chain increases, as shown in
Figure 4. It suggests that the core diameter is nearly
unchanged if the side chain is sufficiently long. This
observation is verified by comparing two representative
snapshots of cylindrical micelles formed by the copoly-
mers with short (Ns = 4) and long side chain (Ns = 16),
as shown in parts a and b of Figure 5, respectively. In
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summary, as the length of soluble graft chain increases,
cylindrical micelle becomes longer in axial direction and
more uniform in diameter. Here, it is noted that the
branched structure of cylindrical micelle observed for
Ns = 4 is due to the fact that the length of soluble block
is too short to cover the surface of cylindrical core
effectively.
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