Downloaded via TU DELFT on August 22, 2022 at 21:20:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Macromolecules

ARTICLE

Macromolecules 2010, 43, 6903-6911 6903
DOI: 10.1021/mal01138w

Brownian Dynamics Simulations on Self-Assembly Behavior of H-Shaped

Copolymers and Terpolymers.

Othonas Moultos, Leonidas N. Gergidis, and Costas Vlahos*

Department of Chemistry, University of loannina, 45110 loannina, Greece

Received May 21, 2010, Revised Manuscript Received July 10, 2010

ABSTRACT: The micellization behavior of the H-shaped copolymers and terpolymers is studied by means
of Brownian dynamics simulations. The critical micelle concentration, the micelle size distribution and the
shape of micelles are examined as a function of the mass fraction of the solvophobic units. Three regimes were
found. H-shaped copolymers with solvophobic content =50% form micelles with preferential aggregation
number. Those with content <10% do not aggregate at the simulation temperature. For the remaining
content values the formation of micelles exhibits a wide variation of aggregation numbers. These regimes are
in qualitative agreement with the experimental findings. H-shaped terpolymers form micelles with larger
aggregation number than the respective H-shaped copolymers. Janus-like micelles or micelles with multi-

compartment coronas are obtained.

1. Introduction

Linear AB diblock copolymers dissolved in selective solvent
present similarities with surfactants and self-assemble into meso-
scopic objects. Beyond a particular polymer concentration, which
isknown as the critical micelle concentration (cmc), the polymeric
surfactants form the so-called micelles. A micelle consists of a
dense solvophobic core and an extended solvophilic corona. The
intrinsic advantage of diblock copolymers over the low molecular
weight surfactants is that the length of each block can be widely
varied without losing the thermodynamic stability of the micelles.
Thus, amphiphilic diblock copolymers are used in various
applications such as detergency, dispersion stabilization, lubrica-
tion, and drug carriers of hydrophobic drugs.!

The micelallization properties of linear diblock copolymers in
selective solvents have attracted the attention of many research
groups in the past few decades.” It was found that they form
almost monochromatic micelles with increasing aggregation
number when the ratio of solvophobic to solvophilic units and
the total molecular weight of the copolymer are both increased.
The thickness of the dense core and of the extended corona are
influenced by the same parameters (molecular weight, solvopho-
bic to solvophilic ratio), allowing flexibility in adjusting the
copolymers for a particular application. The structural charac-
teristics of the micelles are influenced by a variety of factors, such
as the chemical nature of A and B blocks, temgerature, concen-
tration, and the architecture of the copolymer.

Because of the progress in polymer synthesis, model copoly-
mers with complex architecture as miktoarm star,” starblock,*
dentritic,’ graft,® H-shaped,” super H-shaped,® and 7r-shaped” are
available, and their studies®™'? facilitate the further understand-
ing of polymer structure-micelle relations. Indeed, experimental
work on super H-shaped block copolymers,® consisting of a
polystyrene (PS) central block and two polyisoprene (PI) three
arm stars each connected to PS end groups, in n-decane solvent,
demonstrate a completely different micellalization behavior
compared to the respective linear copolymers with the same
molecular weights. Normal (n-) decane is a nonsolvent for PS
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and a good solvent for PI. Super H-shaped copolymers with a
small weight fraction (14%) of PS do not aggregate under a
variety of experimental conditions. Those with increased weight
fraction (>33%) of PS are formed into monodisperse spherical
micelles, with aggregation number considerably lower than those
formed by linear PS/PI block copolymers. For intermediate PS
weight fractions (> 14% and <33%) super H-shaped copoly-
mers form micelles with a variety of aggregation numbers.

In general, architectures similar to those of super H-shaped
copolymers, where solvophilic moieties with star, dendritic or
other architecture are connected at both ends of the solvophobic
bridge, can lead to the formation of Janus molecules or micelles.”
The necessary condition for obtaining Janus molecules or mi-
celles is the existence of strong chemical mismatch between the
two solvophilic moieties connected to the different bridge ends.
Janus H-shaped terpolymers with incompatible PS and polydi-
methylsiloxane (PDMS) branches and polybutadiene (PBd)
bridge have been synthesized.” The micellar behavior was
studied’ by static and dynamic light scattering in methyl ethyl
ketone (MEK), a selective solvent for PS and PDMS blocks. The
samples with relatively short PBd bridge formed unimolecular
micelles, while a sample with longer bridge formed micelles with a
very low aggregation number (equal to 2). The intrinsic asym-
metry of the Janus particles (JP) having different atomic-molec-
ular quantities and properties (such as charge, polarity and
optical and magnetic) at opposite sides make them unique among
other nanoparticles. Recently the JP demonstrated huge potential
as drug carriers, emulsion stabilizers, and functional elements for
design of electronic paper."

Despite the aforementioned potential in applications the com-
plexity of H-shaped copolymer and terpolymer architecture has
restricted the theoretical and experimental studies reported in the
literature. We employed Brownian dynamics simulations' in
order to elucidate the effects of the H-shaped architecture on the
micellalization behavior. Brownian dynamics has successfully
been used in the study of other complex architectures, such as
dendritic'" and graft'? copolymers, for the investigation of self-
assembly of rod—coil copolymers'® and peptides.'® It is expected
that Brownian dynamics to be also appropriate for the study of
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H-shaped copolymers and terpolymers. The properties of interest
are the critical micelle concentration, the mean aggregation
number, and the shape of the micelle which is expressed by the
asphericity, the acylindricity, the thickness of the corona, and the
solvophobic core radius. In addition, we report direct compari-
sons of our simulation results with experimental®’ findings and
simulation studies of similar systems'' existing in the literature.

2. Model

We employed a coarse-grained model to represent the amphi-
philic copolymers and terpolymers. As we aimed at a qualitative
description of the effects of the H-shaped architecture on the self-
assembly, we assume that this model is adequate. A group of
atoms were modeled as a bead (with diameter o), while different
beads were connected with flexible finite extended elastic bonds
(FENE). The FENE potential is expressed as
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where r;is the distance between beads iand j, k = 25T¢/0” and R,
is the maximum extent of the bond (R, = 1.50). These
parameters' > prevent chain crossing by ensuring an average
bond length of 0.970. Monomer—monomer interactions were
calculated by means of a truncated and shifted Lennard-Jones
potential:
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where ¢;is the well-depth, and r;is the cutoff radius. The solvent
molecules are considered implicitly. The short timesteps needed
to model the solvent behavior (the fast motion) restrict the time
scales that maybe sampled, thereby limiting the information that
can be obtained for the slower motion of the copolymer. Brown-
ian dynamics simulation method allows the statistical treatment
of the solvent, incorporating its influence on the copolymer by a
combination of random forces and frictional terms. The friction
coefficient and the random force couple the simulated system to a
heat bath and therefore the simulation has canonical ensemble
(NVT) constraints. The equation of motion of each bead i of mass
m in the simulation box follows the Langevin equation:

mii‘,-(l) = - VZ[UU(VU) + UBoml(rij)} _migi'i([) +Fi(l) (3)

where m;, r;, and & are the mass, the position vector, and the
friction coefficient of the i bead, respectively. The friction co-
efficient is equal to £ = 0.5¢ !, with

7= om/e

The random force vector F;is assumed to be Gaussian, with zero
mean, and satisfies the equation

<Fi(l) 'Fj(l/» = 6kB Tm&éﬁé(t - l/) (4)

kg is the Boltzmann constant, and 7 is the temperature.
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Figure 1. Cartoon representation of (a) H-shaped copolymer (A,),-
B30(A4)2, (b) miktoarm star copolymer (A3)2(A4)2Bs, and (¢) H-shaped
terpolymer (A7)2B3o(C7)a.

The polymer molecules simulated in this work are illustrated in
Figure 1. The H-shaped copolymers are of the type (Ani)>-
B3o(Ann)s, Where A represents the solvophilic beads and B the
solvophobic ones. N; is the number of beads of each of the two
equal length branches connected to one end of the solvophobic
bridge B, and N, is the number of beads of each of the other two
equal length branches, connected to the opposite end of the
solvophobic bridge. The H-shaped terpolymers are of the type
(An1)2B30(Cn2)2, where A and C are the different solvophilic
beads. For comparison purposes, miktoarm stars (Any)2(Anz)2-
B; are also simulated. In all conducted simulations the solvo-
phobic part B of polymers contains 30 beads.

The Brownian dynamics simulations were performed in a cubic
box with periodic boundary conditions, using the open-source
massive parallel simulator LAMMPS.!"!® Previous works have
proved the high efficiency of LAMMPS in the study of amphi-
philic copolymers.'®!'" Different cutoff values in the Lennard-
Jones potential were used'!" to describe the interactions between
copolymer units with ¢; = . The A—A and A—B interactions
were considered repulsive and have cutoff radii r.; = 215 while
the B—B had an attractive potential with cutoff radius r.; = 2.50.
For the sake of simplicity, all beads A, B, and C were considered
to have the same mass (m = 1) and diameter (o = 1).

In this work system, sizes with 125 and 1000 polymeric chains
were simulated. Amphiphiles were assumed to reside to the same
micelle if the distance between any two nonbonded solvophobic
beads B, belonging to different chains, was found within 1.50.
This distance corresponds to the maximum extension of the
FENE bonds.'"!! The reduced temperature of the simulation
T* was set to T* = kzT/e = 1.8. This choice of temperature
allows the studied systems to have both micelles and free
molecules.'" If the temperature is very low, the studied system
contains only aggregates and no free molecules; while if the
temperature is very high, the studied system contains only free
molecules and no aggregates. The system size was chosen so to
ensure that the radius of gyration of the largest micelle to be at
least the one-fourth of the box side length. For this particular
reason we have used detailed exploratory runs with various
simulation box sizes for low and high densities ensuring that
every system studied shows identical aggregate size distributions.
The use of the one-quarter of the simulation box side proved to be
a sufficient condition to avoid interaction of chains and micelles
with their images. No system size effects observed for all the
calculated quantities reported on this paper.

The modeling of the ABC terpolymers was made in similar
way. Different units were connected with FENE bonds. The
FENE potential parameters ¢ and the temperature of the simula-
tion (T* = 1.8) were the same as in the case of ABA copolymers.
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In order to create the chemical mismatch between the two
solvophilic polymers A and C, weak attractions between the
A—A and C—C units were introduced. The solvent conditions for
A and C moieties start from theta solvent and increases progres-
sively to good solvent. For the macroscopic states we studied, the
solvent is considered to be bad for B units with A—C, A—B, and
B—C heterointeractions being repulsive. The repulsions and the
attractions between non-neighboring units were also described by
Lennard-Jones potential with different cutoff distances. Repul-
sions had cutoffr.; = 265 and well-depth &;; = e. For the B—B,
A—A, and C—C attractions, the cutoff radii is set to r.; = 2.50
with egp = €, €44 = €cc = 0.7¢, 0.6¢, and 0.5¢ corresponding to
the different solvent conditions mentioned above. Brownian
dynamics simulations, performed at the reduced temperature
T* = 1.8, on linear homopolymers containing 10, 20, 40, and 80
units with FENE bonds and Lennard-Jones interactions between
them, gave a clear manifestation that theta solvent conditions
correspond to g; = 0.7¢. Under these conditions, the exponent 2v
of the radius of ggration R, with respect to the total molecular
weight (Rg2 ~ M, ") isequal to 1. When the value of ¢, s and e
decreases, from 0.7¢ to 0.5¢, the solvent quality within A and C
moieties increases, reducing the chemical mismatch between
them.'” In all simulations, we set ¢ = 1.

In order to avoid bond crossing at the desired concentration,
the ABA or the ABC polymer molecule was arranged on a lattice
box. The energy of the chain was minimized and then the small
system was replicated Np,pe, times, equal to the number of
polymer chains. We performed one million time steps with time
step At = 0.0087 setting all cutoff radii equal to r.; = 2"°c in
order to eliminate any bias introduced from the initial conforma-
tion. The system then was allowed to equilibrate for five million
steps. The simulation subsequently conducted for 15 million steps
for the 125 polymer chains, and up to 50 or 60 million steps for
larger systems with 1000 chains. The length of the simulation was
evaluated by calculating the tracer autocorrelation function:

() = <N(zo+z)N(z_0)>—(N(QzO)>2 )
(N?(10)) = (N(10))

where N(7) is the number of molecules in the micelle, which a
copolymer resides at time . We took all copolymers as tracers,
and every time step as a time origin #,. The characteristic
relaxation time 7. is defined as the required time for C(¢) to reach
the value of ¢ '. Each simulation was run at least 10z, to have 10
independent conformations. The properties of interest were cal-
culated as averages from 1500 and 5000 snapshots for the
systems, with 125 and 1000 chain, respectively. For the large
systems with 1000 polymer chains, every batch run was submitted
on 14 processors and needed about 20 days in a parallel machine
with Opteron 2.2 GHz CPU’s to be completed.

3. Results and Discussion

3.1. H-Shaped Copolymers. A. Critical Micelle Concen-
tration. In dilute solutions the copolymer chains under selec-
tive solvent conditions form aggregates. The reason is that
the aggregates have much less entropy and thus reduce signi-
ficantly the energy of the system: the free energy per chain in
the aggregate is smaller than the respective energy of the free
chain in the solution and this difference is the driving force of
micellization in dilute solution of copolymers at constant
temperature. In a particular concentration called critical
micelle concentration (cmc) there is an abrupt increase in
the fraction of chains involved in the formation of micelles.
The onset of micellization is traditionally depicted by plot-
ting the free (nonassociated) copolymer monomers concen-
tration [F] as a function of the total copolymer monomers
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Figure 2. Concentration of free copolymers [F] versus the total copo-
lymer concentration [C] for different H-shaped copolymers.

concentration [C]. The total copolymer concentration is
defined as [C] = N,,n/V where n is the number of copolymer
molecules, N,, is the number of monomer beads per copoly-
mer molecule, and V' is the total volume of the simulation
box. The maximum concentration [F] defines the cmc for
that system.

Figure 2 shows a plot of the free copolymer concentration
against the total copolymer concentration for the simulated
H-shaped copolymers (An1)2B3o(Ann)» with various branch
lengths N, N>. At higher concentrations, a decline in free
copolymers concentration is observed. A similar trend is
observed in simulations by other authors studying the cmc of
copolymers having various architectures.'®!'" This decrease
which is evident from experimental measurements® is not
predicted by traditional theories®' describing micelle forma-
tion, with the exception of the Leibler theory,?? as noted by
Adriani et al.>*This theory suggests that excluded volume
effects introduce a nonideal behavior at high copolymer
concentrations [C] and that the accessible volume is con-
siderably reduced driving more free chains to aggregate. The
cmc values calculated from Figure 2 are given in Table 1.

The molecular theory for the formation of micelles can be
used to describe qualitatively the trends of these values.
According to the theory the mole fraction of micelles X,
with an aggregation number 7 is equal to

Xn = Xl eXp( _gmic/kBT) (6)

and inversely proportional to the cmc.** X; is the mole
fraction of unimers and g,,;. is the change in the Gibbs free
energy associated with the transfer of n unimers from the
solution to a micelle. This free energy for uncharged copo-
lymers can be modeled as the sum of four different terms that
takes into account all of the free energy changes that occur
upon micelle formation g,,;c = &4 + Zins + Zpack + g5~ The
first three terms are related to the solvophobic part of the
copolymer, and the fourth is associated with the solvophilic
counterpart. The free energy of transfer g,, reflects the energy
change associated with the transfer of the solvophobic block
from the solution to micelles core. The interfacial free energy
g takes into account the energy change upon formation of
the interface between the core and the solution while g«
involves the free energy change associated with constraining
the end or ends of the solvophobic part to lie at the perip-
hery of micelle core. The last term g, accounts for the
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Table 1. Cmc for Different H-Shaped and the Respective Miktoarm Star Copolymers

H-shaped copolymer molecular weight solvophobic content (%) cmey CMCsar r
(A%)>B30(A2)> 38 78.9 0.0052 0.0016 3.75
(A2)2B3o(As)s 4 71.4 0.007 0.0029 2.5
(A2)>B30(Ag)> 50 60 0.0102 0.0043 1.5
(A%)>B30(A13)2 60 50 0.0133 0.0071 1
(A2)2B3o(As)s 46 65.2 0.0096 0.0039 1.88
(A4)>B30(Ag)> 54 55.6 0.0133 0.0063 1.25
(A6)2B30(Ag)2 54 60 0.0136 0.0066 1.25
(Ag)>B30(Asg)> 62 55.6 0.0172 0.0088 0.94
(A10)2B30(A10)2 70 48.4 0.0206 0.0113 0.75
(A60)2B30(Ac0)2 270 11.1 0.125

contribution of steric interactions between the solvophilic e (A,),A,)B,

units of the copolymers. = (A).(A).B
Table 1 indicates that for symmetric H copolymers (An;)»- I e AV ALB

Bio(Anp)> (with equal length arms Ny = N,) the cmc values — f 220 8230

; : =) [CI=[F] (A0, (AD,By,
are proportional to the arm molecular weight. The larger the = ooz ANV AYB
solvophilic arms become, the higher the steric penalties for .E ! ( A“)Z ( AS)ZB”
transferring the large groups into the micelle. According to = A4 2 A4 2 ];0
€q 6 g,.i increases and consequently cmc values increase. For g 0.009r > (A,),(A1),B,,
asymmetric H-shaped copolymers (Ani)>B3o(Anz), with 5 ++(Ay),(Ay),B,,

N; = 4 the increase of the molecular weight of the other 5 0,006 ok (Ag) (A1), By

two arms, N, = 8, 16, 26, increases the cmc for similar re- E ’

asons. In addition to the molecular theory of micellization B ]

for linear AB copolymers, it was found that the cmc depends S 0.003 _

on the solvophobic—solvophilic balance.'®!" The increase of g |

=

the solvophobic/solvophilic molecular weight ratio r leads to
the monotonic decrease of the cmc. In the case of H-shaped
copolymers the dependence of the cmc on the ratio r is not
always monotonic. The (A5),B30(A13)> copolymer with r = 1
has the same cmc value with the (A4)>Bso(Ag), having r =
1.25. The reason is that the energetic penalty due to the steric
interaction in (A,),B3o(A13), is higher because of the longer
side arms (N, = 13). In H-shaped copolymers, (A4)>Bso-
(Ag)s, (Ag)2B3o(Ag)2, with equal ratios r = 1.25 and almost
similar branch lengths, higher cmc values exhibits the copo-
lymer with the more symmetric arms. This is due to higher
steric interactions between the arms. For comparison pur-
poses we have also simulated four-arm miktoarm star copo-
lymers of type (Ani)2(Anz2)2Bso, where all branches were
identical with the respective arms of the H-shaped copoly-
mers (Ani1)2B30(An2)2-

In Figure 3 we present the free chains concentration [F]
against the total star copolymer concentration [C]. The re-
sulting cmcg,, values are summarized in Table 1. It can be
observed that the cmcy,, values are always lower compared
to the respective values of the H-shaped counterparts. Ac-
cording to the molecular theory of micellization, the free
energy change g,,. associated with constraining both ends
of the solvophobic part B to lie in the periphery in H-shaped
copolymers is higher than the respective free energy change
associated with constraining the one end of the solvophobic
part in miktoarm star copolymers. Thus, according to eq 6
cmcg,, values are always lower than the cmc values of
H-shaped copolymers. Figure 4 summarizes the cmc values
of copolymers of both architectures having symmetric branc-
hes N = N, against the ratio r. The fit of data illustrates that
the cmc values have an exponential relationship with solvo-
phobic/solvophilic molecular weight ratio r which could be
represented by the following equations cmcy = 0.02858
exp(—0.5372r), cmcg,,. = 0.02122 exp(—0.8944r) for the
H-shaped and star copolymer, respectively.

B. Micelle Size and Shape. The aggregation number, the
radii of gyration of the solvophobic, solvophilic parts and of
the whole aggregate as well as the resulting asphericities and
acylindricities are useful tools for characterizing the micelles

0 0.02 0.04 0.06 0.08 0.1 0.12

Total Copolymer Concentration [C]

Figure 3. Concentration of free copolymers [F] vs the total copolymer
concentration [C] for different mictoarm star copolymers.

0.02- o—e H-shaped copolymer N
m—m Star copolymer

0.015f- B
s

O 0.01F i

0.005- N

e
O0 1 2 3 4

r

Figure 4. Cmc versus hydrophobic/hydrophilic ratio r for symmetric
H-shaped and mictoarm star copolymers.

formed by amphiphilic copolymers. All these properties were
calculated on the most concentrated system having [C] = 0.12
where most aggregates are formed. Figure 5 shows our results
on the mass distribution of the aggregates for various
H-shaped copolymers. The three re%imes found in the experi-
mental study of super-H copolymers® were also observed in our
simulation results. The first regime containing the H-shaped
copolymers is illustrated in Figure 5a. The mass distribution of
the aggregates has a maximum value corresponding to the
preferential aggregation number N, of the formed micelles.
One can observe that for symmetric H-shaped copolymers the
most probable number of chains per aggregate decreases with
the increase of the arms length due to the increase of the steric
interactions in the micelle corona (Table 2).
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For the symmetric H-shaped copolymers, the (As),-
B30(As), copolymer containing a percentage of 60% solvo-
phobic units is the lower limit of this regime. When the
percentage of the solvophobic units is further decreased, a
second regime is evident, where micelles with a wide aggre-
gation number are formed (Figure 5b). The mass distribution
of aggregates becomes a monotonic function with respect to
the aggregation number and thus a mean aggregation num-
ber of micelles can be calculated. The symmetric H-shaped
copolymer (Agg)»B3o(Ago)> With 12% solvophobic units has a
mean aggregation number equal to 1.47 and may be con-
sidered as the threshold of the third regime: the unimolecular
micelles.

(a) 1 LI AL L L AL AL I BN BN BN
0.012F -1
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Figure 5. Mass distribution of the aggregates for various H-shaped
copolymers: (a) aggregates following a bell-shaped distribution and
(b) aggregates following a non-bell-shaped distribution.
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The first two regimes become wider in the case of asym-
metric H-shaped copolymers since the steric effects between
arms in the corona are weaker. Indeed, the (A,)>B3o(A13)2
copolymer, that contains 50% solvophobic units, forms
micelles with preferential aggregation number equal to 8,
placing it in the first regime. For comparison purposes, we
have calculated the mass distribution of aggregates of the
respective (An1)2(An2)2B3g star copolymers. Our results are
listed in Figure 6. The mass distribution of the aggregates
shows, in all cases, a bell-shaped form. The preferential agg-
regation numbers of the formed micelles, listed in Table 3,
are about four times higher than the respective of H-shaped
copolymers. The reason is the packing penalty associated

(a)ooos |'|'|'|'|'|_
- (Az)z(Az)zBso

= (A4)2(A4)2B30 1

0.006 = (A,(Ag),By, -
o (As)z(As)zBao

i (AIO)Z(AIO)ZBSO |

Mass Distribution
=)
g

4
g
S

&2 (A,),(A),By, ]
= (A,),(Ag),By, 7]
= (A),(A}3),B5, ]
= (A),(Ag),By,

Figure 6. Mass distribution of the aggregates for various miktoarm
star copolymers: (a) with equal length arms and (b) with asymmetric
arms.

Table 2. Shape Characteristics of the Most Probable Aggregates Formed by H-Shaped Copolymers (Standard Deviation Is Inside the Parentheses)

H'Shaped COpOlymer Np <Rg2>mi(elle (Rg2>mre <Rg2>mmnu H R,
(A2)2B3o(As) 13 32.1(0.3) 27.5(0.3) 49.2(0.2) 0.54(0.05) 6.76(0.04)
(A>)-Bao(As) 1 32.9(0.3) 25.7(0.3) 50.7(0.3) 0.86(0.05) 6.54(0.04)
(A2)>Bso(Ag)s 9 36.2(0.1) 22.9(0.1) 55.8(0.1) 1.59(0.02) 6.17(0.01)
(A2)2B3o(A 1) 8 42.8(0.1) 21.0(0.1) 63.7(0.2) 2.53(0.02) 5.91(0.01)
(A2)-Bo(As) 8 30.2(0.1) 21.7(0.1) 45.9(0.1) 1.08(0.02) 6.01(0.01)
(As)2B3o(As)> 6 28.2(0.1) 18.2(0.1) 42.6(0.1) 1.35(0.02) 5.50(0.02)
(Ago)2B3o(Ago) 1 81.4(0.4) 5.74(0.02) 88.8(0.5) 8.55(0.03) 3.090 (0.005)

H'Shaped Copolymer <AA'p/l>711f(‘(‘/I(’ <Asph>cvre <Asp/1>(‘0rom1 <Az'yl>miz'elle <A(;vl>('ore <Az'y/>('orwm
(A2)>Bio(As)a 0.303 (0.004) 0.344 (0.005) 0.235(0.003) 0.097 (0.002) 0.105(0.003) 0.093 (0.002)
(A>)2B3o(As) 0.292 (0.005) 0.351 (0.005) 0.242 (0.004) 0.096 (0.002) 0.106 (0.002) 0.099 (0.002)
(A2)2B30(Ag) 0.270(0.002) 0.354(0.003) 0.250 (0.001) 0.100(0.001) 0.108(0.001) 0.111(0.001)
(A2)>Bao(A 1) 0.248 (0.002) 0.351 (0.003) 0.245(0.001) 0.104(0.001) 0.109 (0.001) 0.117 (0.001)
(A)2B3o(As) 0.285(0.003) 0.359 (0.003) 0.242(0.002) 0.098 (0.001) 0.109 (0.001) 0.102(0.001)
(A5)2B30(As), 0.281(0.002) 0.365 (0.003) 0.254(0.001) 0.105(0.001) 0.114(0.001) 0.114(0.001)
(Aco)sB30(Ago)s 0.434(0.001) 0.521(0.002) 0.448 (0.001) 0.160 (0.001) 0.125 (0.001) 0.164(0.001)
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Table 3. Shape Characteristics of the Most Probable Aggregates Formed by Miktoarm Star Copolymers (Standard Deviation Is

Inside the Parentheses)

star COpOlymer NP (Rg2>miz'e/l¢' <Rg2>('0r« <Rg2>z'orwm H R('
(A2)2(A2)B30 53 63.5(0.5) 52.0(0.5) 106.7 (0.4) 0.98 (0.06) 9.30(0.04)
(A2)2(A4)>B3o 39 60.4(0.8) 44.3(0.8) 100.3(0.8) 1.4(0.1) 8.59(0.08)
(A2)x(Ag)2Bso 24 57.1(0.1) 33.3(0.1) 92.5(0.2) 2.30(0.01) 7.44(0.01)
(A2)2(A3)2B30 20 65.5(0.2) 30.2(0.2) 100.4(0.2) 3.35(0.02) 7.09(0.02)
(A2)2(Aq)>Bso 31 59.0(0.2) 39.4(0.1) 95.5(0.2) 1.81(0.02) 8.10(0.01)
(A9)x(Ag)-Bso 21 58.3(0.1) 32.2(0.2) 90.5(0.2) 2.53(0.02) 7.32(0.02)
(Ag)2(Ag)>B3o 20 56.6(0.2) 31.7(0.2) 87.4(0.2) 2.44(0.03) 7.26(0.02)
(Ag)2(Ag)>B1o 14 55.1(0.2) 26.4(0.1) 81.6(0.2) 2.95(0.02) 6.63(0.01)
(A10)2(A10)>B30 13 60.6(0.3) 26.0(0.2) 86.2(0.3) 3.46(0.04) 6.58(0.03)
star COpOIymer <Asph>mice/le (A.vp/z>(‘ol'e <A.vph><‘0rona <A c)'l)mice/le (A (;vl)core <A ('yl)corona
(A2)2(A2)>Bso 0.19(0.01) 0.23 (0.01) 0.140 (0.008) 0.077(0.005) 0.088 (0.005) 0.064 (0.003)
(A2)»(A2)-Bso 0.187(0.006) 0.235(0.007) 0.145(0.004) 0.077(0.001) 0.092 (0.002) 0.069 (0.001)
(A2)2(Ag)B30 0.171(0.003) 0.237(0.004) 0.148 (0.002) 0.077(0.001) 0.095(0.001) 0.076(0.001)
(A2)2(A13)2B30 0.159 (0.003) 0.245(0.005) 0.145(0.002) 0.076(0.001) 0.097(0.001) 0.076 (0.001)
(A)x(AL)>Bso 0.184(0.004) 0.242(0.005) 0.150(0.003) 0.076 (0.001) 0.092 (0.002) 0.071(0.001)
(Ag)2(Ag)B3o 0.178(0.003) 0.252(0.005) 0.157(0.002) 0.079(0.001) 0.096 (0.001) 0.078 (0.002)
(Ag)2(Ag)2Bso 0.183(0.002) 0.255(0.004) 0.162 (0.002) 0.080(0.001) 0.098 (0.001) 0.079(0.001)
(Ag)a(Ag)2Bao 0.189 (0.002) 0.271(0.003) 0.176 (0.002) 0.087(0.001) 0.101(0.001) 0.088 (0.001)

(AIO)Z(A10)2B3O

0.186 (0.002)

0.280(0.002)

0.175(0.002)

0.086 (0.001)

0.103(0.001)

0.087(0.001)

Table 4. Cmc, Preferential Aggregation Number /V,,, and Shape Anisotropy (k?) for Aggregates Formed by Linear—Dendritic Block, Linear

Diblock, H-Shaped, and Miktoarm Star Copolymers (Standard Deviation Is Inside the Parentheses)

architecture system molecular weight Np r cme P micerte P eore
linear—dendritic diblock copolymer ' G2D1 37 43 0.0014
G3Dl1 45 38 2.0 0.0027 0.038 (0.003) 0.065(0.006)
G2D2 44 47 2.1 0.0024 0.038(0.007) 0.07(0.01)
G4DI 61 19 097 00065  0.042(0.008)  0.08(0.02)
G3D2 60 22 1.0 0.0052 0.036(0.007) 0.08 (0.02)
G2D4 58 27 1.1 0.0042 0.028 (0.008) 0.07(0.02)
linear diblock copolymer!! GOD15 45 62 2.0 0.0021 0.029 (0.007) 0.06(0.01)
GOD31 61 41 0.97 0.0034 0.017(0.005) 0.06(0.02)
H-shaped copolymer (A2)2B30(As), 38 13 375 0.0052  0.118(0.003)  0.149(0.004)
(A2)2B3o(As) 4 11 2.5 0.007 0.112(0.004)  0.157(0.004)
(A9)-B3o(Ad) 46 8 1.8 0.0096  0.108(0.002)  0.164(0.003)
(A2)2B30(A13)2 60 8 1.0 0.0133 0.083(0.001) 0.156(0.002)
(Ag)2Bso(Ag)r 62 094 00172
star copolymer (A2)»(A2)>Bsg 38 53 375 0.0016  0.050(0.006)  0.068(0.008)
(A>)(Ag)aBo ) 39 25 0.0029  0.047(0.003)  0.073(0.005)
(A9)x(A4)-Bso 46 31 1.8 0.0039  0.046(0.002)  0.076(0.003)
(A2)2(A13)2B30 60 20 1.0 0.0071 0.035(0.001) 0.080(0.003)
(Ag)(Ag)2Bsy 62 14 094 00088  0.049(0.001)  0.096(0.002)

with the solvophobic part in the core of the micelles in the
case of H-shaped copolymers.

The shape of the micelles is described by calculating the
asphericity A4,,, and the acylindricity 4., using the principal
components of the mean square radius of gyration tensor’
528282

Agi = [SH=5(SH+EM| (8D @

At = (82— (8:) /(5% (®)

where S,% > S),.2 > §.% For a rigid rod, the acylindricity is
zero and the asphericity is near one. For spheres, both
acylindricity and asphericity are close to zero. From the
scaling point of view three types of micelles are defined on the
basis of the relative size of their core radius R, with respect to
the corona thickness H. A micelle has a star like shape when
H > R.. The micelle has a crew-cut shape when the radius of
the core is much larger of the thickness of the corona (R, >
H), while in other cases the micelle has an intermediate
shape.® The radius of the core R, can be calculated from its
mean square radius of gyration by the following relation
Rgc,,,,e2 = (3/5)R.2. Similarly the thickness of the corona H

can be obtained as the difference of the radii of the whole
micelle and the core (H = R, — R.). Our results on the
shape of the most probable micelles for the H-shaped and the
respective star copolymers are summarized in Tables 2 and 3.
We can see that the monomolecular micelle formed by the
(Ag0)2B30(Ago)> H-shaped copolymer is the less spherical.
The asphericity of the other micelles decreases as the length
of the side arms increases, with the most spherical micelle
formed by the asymmetric (A,),B30(A13), copolymer having
the longest side arms. The core of the micelles of the sym-
metric H copolymers becomes less spherical as the length of
the side arms increases. Except for the monomolecular
micelle of the (Ago)>B30(Ago)> copolymer, which is clearly
starlike, all the other micelles can be characterized as crew-
cut. The respective micelles formed by the star copolymers
are clearly more spherical as indicated from the asphericity
and acylindricity values of Table 3. The micelles obtained
from (A19)>B30(A10), stars can be characterized as intermedi-
ate while the others have a crew-cut shape.

C. Comparison with Other Simulation Results. Some of
our results on H-shaped copolymers can be directly com-
pared with respective simulation findings of ref 11 concern-
ing the micellization properties of linear diblock and linear—
dendritic diblock copolymers. Linear and linear—dendritic
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Figure 7. Massdistribution of the aggregates for H-shaped terpolymers
(a) (Ag)2B30(Cs), for different Lennard-Jones interactions parameters
(€40), (b) (A20)2B39(Cs0)>, and (c) (Ac0)2B30(Ceo)o- In all cases, the
respective H-shaped copolymers are included.
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copolymers contain 30 solvophobic units and their micellali-
zation behavior was studied at the reduced temperature 7% =
1.8, also used in our simulations. The preferential aggrega:
tion number, the cmc and the shape anisotropy”’>® «°
(denoted as O in ref 11) are listed in Table 4. Linear diblock
copolymers GOD15 and GOD31 contain solvophilic blocks
with 15 and 31 units, respectively. The dendritic blocks are
considered solvophilic. Dendritic moieties are of second
(G2), third (G3), and fourth (G4) generation with branch
length equal to one (D1), two (D2) or four (D4) beads.

It can be observed that for copolymers with different
architectures but similar molecular weights the cmc values
follow the inequality CMCiincar < CMClinear—dendritic < CMCyar
< CMCh_shaped- This reflects the different steric interactions
between solvophilic units in the corona and the change in free
energy, associated with constraining the end or ends of the
solvophobic part to lie on the periphery of micelle core. The
preferential aggregation number N, follows the opposite
inequality Np linear = Np linear—dendritic ~ Np star = Np H-shaped-
The micelle core shape anisotropy of linear, linear—dendritic
and star copolymers has almost identical values while the
respective quantity for the H-shaped copolymers is higher,
indicating a less spherical topology. As far as the total micelle
shape anisotropy is concerned one can observe that the most
spherical micelles are formed by linear diblock copolymers.
Linear—dendritic diblock, star, and H-shaped copolymers
show increasing deviation from the spherical topology.

3.2. H-Shaped Terpolymers. Three different H-shaped
terpolymers with equal length arms were simulated. Namely,
the (A4)2B30(Ca)a, (A10)2B30(Cio)2. and (Ago)2B30(Coo)o-
Each one of the homologous H-shaped copolymers belongs
to a different regime according to the mass distribution of the
formed micelles. The (Agp)>B30(Agp)> forms monomolecular
micelles. The (Aj9)>B3o(A1g)> forms micelles with vastly
ranging aggregation numbers, while (A4),B30(Ay), drives
the formation of micelles containing 8 chains. To study the
effect of the chemical mismatch between the solvophilic units
A and C we have used three different values of A—A and
C—C interaction parameters (¢44 = €cc = 0.7¢, 0.6¢, and
0.5¢ with € = 1) in the Lennard-Jones potential. The higher
the € 4 4, ecc values the higher the mismatch between A and C
units. Our simulation results for the mass distribution of the
formed micelles at the reduced temperature 7% = 1.8 are
shown in Figure 7. It can be observed (Figure 7a, Table 5)
that the (A4)>B30(Cy4), terpolymers form micelles having
greater aggregation number than the respective copolymer.
The decrease of the mismatch between the A, C units leads to
the decrease of the aggregation number. This trend is the
opposite of the assumption and reasoning of the experimental
group who studied super H-shaped copolymers® and H-shaped
terpolymers.” In our opinion, the reason for this discrepancy
are the different thermodynamics conditions, between co-
polymers and terpolymers, used in their micellization study.

Table 5. Shape Characteristics of the Most Probable Aggregates Formed by H-Shaped Terpolymers (Standard Deviation Is Inside the Parentheses)

H'Shaped terpolymer NP (¥l <Rg2>mir <Rg2>('are <Rg2>coronu H R('
(A9)2B30o(Cy)> 10 0.5 33.1(0.2) 24.1(0.2) 49.8(0.1) 1.09(0.03) 6.33(0.03)
(A4)2B30(Ca)a 10 0.6 32.7(0.2) 23.7(0.2) 49.3(0.2) 1.10(0.03) 6.28(0.03)
(A2)2B30(Ca)a 11 0.7 34.1(0.2) 24.9(0.3) 51.3(0.3) 1.10(0.05) 6.44(0.04)
(Ago)2B30(Ce)2 2 0.5 88.3(0.4) 9.4(0.8) 97.3(0.5) 8.2(0.2) 4.0(0.2)

H'Shaped terpolymer <Axph>miz‘ell(l (AS[7/‘I>(‘UI'E <A.Y[7h>L‘UI'0V!d (Ac‘y[>mi(‘e/[(‘ <Acyl>(‘urf <Az'y/>('orwm
(A2)B3o(Ca)a 0.278 (0.003) 0.352(0.003) 0.230 (0.002) 0.093(0.001) 0.106 (0.001) 0.095(0.001)
(A4)>B3o(Ca)a 0.272(0.003) 0.345(0.003) 0.226 (0.003) 0.093(0.001) 0.106 (0.001) 0.095(0.001)
(A3)2B3o(Cy) 0.269 (0.005) 0.344(0.005) 0.221 (0.004) 0.091 (0.001) 0.104(0.001) 0.092(0.001)

(Ag0)2B30(Ceo)2 0.332 (0.003) 0.436 (0.003)

0.328 (0.003)

0.146 (0.002)

0.138(0.001)

0.149 (0.002)
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Figure 8. Snapshots of micelles formed by (a) (Agg)>B30(Ceo)> with agg-
regation number Np=2 and eqc = 0.5, (b) (A20)2B30(C2())2 with Np =
7 and Eqc T 06, and (C) (A4)2B30(C4)2 with Np = 11 and Eqc = 0.7.

The n-decane is a very strong precipitant for the polystyrene
in comparison with the MEK precipitant for the polybuta-
diene. Our results exactly correspond to the same molecular
weights and thermodynamic conditions for the solvophobic
polymer moieties (7% = 1.8).

Similar are the results for the (A0)>B30(Cjg)2, presented in
Figure 7b. The free chains and micelles with small aggrega-
tion number are less than the respective of the H-shaped
copolymer while the micelles having greater aggregation num-
ber are clearly more. In the case of (Agg)2B30(Cep)» terpolymer
(Figure 7¢) the mean aggregation number is 1.63 compared to
the 1.47 of the respective copolymer. Figure 8 illustrates snap-
shots of aggregated terpolymers (Ag0)2B30(Ce0)2, (A10)2B30-
(C10)2, and (A4)2B30(A4), with aggregation numbers 2, 7, and

Moultos et al.

11 respectively. One can observe that the micelles of the
(Ag0)2B30(Cep)2 terpolymers are Janus-like with the segregated
A and C blocks surrounding the insoluble B block. This picture
is in agreement with the Scheme 6 of ref 9. The micelles of the
(A10)2B30(C10)> with small aggregation numbers are also Janus
like. Micelles having large aggregation numbers present Janus-
like faces incorporating patches consisting of the opposite type
units (Figure 8b). The number of patches is increased in the
micelles formed by terpolymers with short arms driving the
formation of aggregates with a multicompartment corona
(Figure 8c). Table 5 shows the characteristic shape and size
of the most probable aggregate for the three terpolymers
studied.

4. Conclusions

The micellization behavior of H-shaped copolymers and
terpolymers are studied with Brownian dynamics simulations at
the reduce temperature 7" = 1.8. Our results come to promote
and refine the experimental findings of Hadjichristidis group®’
and can be summarized as follows: symmetric H-shaped copoly-
mers with a large weight fraction of solvophobic units (=60%)
form micelles with a preferential aggregation number. Those with
smaller (=10%) solvophobic content form micelles with varying
aggregation number while the rest H-shaped copolymers with
solvophobic units fraction (<10%) do not aggregate at this
temperature. The asymmetric H-shaped copolymers form mi-
celles with preferential aggregation number at smaller (=50%)
solvophobic content and do not aggregate at solvophobic frac-
tion (<10%). These regimes are in qualitative agreement with
experiment. We found that the H-shaped terpolymers form
micelles with higher aggregation numbers compared to the
respective H-shaped copolymers. When the chemical mismatch
between solvophilic A and C units increases the symmetric
H-shaped terpolymers with long arms form Janus like micelles.
Those with small arm length aggregate to micelles with a multi-
compartment corona.
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