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ABSTRACT: The micellization behavior of ®-shaped, figure-

eight-shaped, and linked rings copolymers is studied by means
of molecular dynamics simulations with Langevin thermostat.
The properties of interest were the critical micelle concen-
tration, the mean aggregation number and the shape of the
micelle. We found that the ©-shaped copolymers form

micelles with preferential aggregation numbers. The shape of
these micelles is spherical with elongated spherical cores. The
homo figure-eight-shaped copolymers also form spherical
micelles with preferential aggregation numbers and elongated
spherical cores. The mikto figure-eight-shaped and the linked
rings copolymers form wormlike or superstructured micelles
with a wide range of aggregation numbers. Our simulation results on cmc and the micelles mass distribution are compared with
existing experimental findings for the homo and mikto figure-eight-shaped copolymers.

1. INTRODUCTION

The absence of end-groups in ring copolymers leads to
significantly different physical properties compared to the linear
or branched counterparts both in dilute solution and bulk.'™
In dilute solution for the macroscopic state of common ©
solvent the dimensions of ring copolymers are 0.58 times
smaller than the respective dimensions of their linear
precursors.” Experiments® of polystyrene-block-polyisoprene
(PSy0-b-P1;;0) diblock copolymers in heptane (a selective
solvent for PI) have shown that the cyclization strongly affects
the micellization behavior. In every copolymer concentration—
up to 20 mg/mL—the linear diblock chains form spherical
micelles with diameter of 40 nm with PS core and PI shell. The
corresponding cyclic copolymer yields either smaller sun-flower
micelles (33 nm in diameter) at very low concentrations, or
giant wormlike micelles (up to 1 gm in length) at relative high
concentrations. The mechanism for the formation of the latter
worm-like structures is the unidirectional self-assembly of the
sun flower micelles.’ Moreover, the thermal stability of
sunflower micelles was shown to be increased for more than
40 °C, through the topological conversion of the linear
copolymer com;)onent, due to the entropic advantage of the
cyclic topology.

The considerable progress in polymer synthesis allowed the
preparation of complex copolymers, using ring polymers as
building blocks. Among these new novel architectures are the
double cyclic topologies: ®-shaped, figure-eight-shaped, and
linked rings copolymers (Figure 1, panels a—f). The most
general approach for the synthesis of double cyclic copolymers
is the intramolecular cyclization of multifunctional precursors
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bearing two series of complementary functional groups through
click reaction under high dilution.’ For the preparation of ©-
shaped copolymers a three arm A,B miktoarm star copolymer
precursor composed of one polycaprolactone (PCL) and two
polystyrene (PS) branches was used.® The PCL branch was
terminated with two alkylene groups, and the two PS arms had
an azide group at the one end.

The figure-eight-shaped copolymers were obtained with the
same synthetic strategy, using A,B, miktoarm star precursors
that could be classified into two types (Figure 1, panels c and
d): homo figure-eight-shaped, when the terminal units of the
same kind of arms are connected through click reaction, and
mikto figure-eight-shaped, when heteroarm end units are
connected.” ™ The micellization properties of mikto figure-
eight-shaped copolymer, which was composed of two AB
diblock copolymer rings connected with one unit, were studied
and compared to the respective properties of the miktoarm star
precursor in selective solvents.*” TEM images® have shown
that both copolymers self-assembled into spherical micelles.
However, there were significant differences in the micelles size.
The micelles formed by mikto figure-eight-shaped chains were
much bigger, with very large and loose core due to the
stretching of the solvophobic blocks.® Other TEM images’
obtained by other researchers, have shown that homo figure-
eight-shaped copolymers form micelles of wormlike shape.
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Figure 1. Cartoon representation of (a) ®-shaped A;(B,(B,, (b) @-shaped AA,B, (c) homo figure-eight-shaped A;(Bs, (d) mikto figure-eight-
shaped A3,B,, (e) homo-linked rings A;(Bs, (f) mikto-linked rings A;(Bs. B units (red) are considered solvophobic and A units (blue) solvophilic.

Recently, polymeric micelles are used as hydrophobic drug
carriers.'"’ The size, the quantity and the microdynamics of
cargo molecules release depend on the size and the porosity of
the hydrophobic core. Micelles formed by linear or dendritic
blocks are usually considered for that kind of applications.'”""
In both cases the differences in the porosity of the core are
limited."* In contrast, with the multiple mixed ring copolymer
architectures we are capable of controlling the characteristics of
the micelle core by changing the molecular weight of
solvophilic and solvophobic blocks in the mixed ring. The
solvophilic part of the ring has the tendency to expand the
solvophobic counterpart reducing this way core’s density. The
type of connection of mixed rings is inherently related with the
architecture of the copolymer chain (Figure 1). This
connection plays an important role in the packing of
solvophobic blocks belonging to different rings, influencing
the density of the core. Thus, dual ring copolymer architectures
could be promising candidates for controlled drug carrier
applications taking advantage of their enhanced cargo load and
facile release.

We employed molecular dynamics simulations, with
Langevin thermostat, in order to elucidate the effect of the
dual ring copolymer architecture on the micellization proper-
ties. In particular, we studied ®-shaped copolymers where the
two building rings have common subchain (Figure 1, panels a
and b), homo and mikto figure-eight-shaped copolymers
(Figure 1, panels ¢ and d) where the building rings have a
common unit and homo- and mikto-linked rings copolymers
(Figure 1, panels e and f) where the building rings
interpenetrate each other without common parts. The
calculated properties of interest are the critical micelle
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concentration, the mean aggregation number, the shape and
size of the micelle, which is expressed by the shape anisotropy

k* and mean squared radius of gyration (R;)mm”e respectively.

2. MODEL

In this study, we employed a coarse-grained model to represent
the amphiphilic copolymer chains. A group of atoms was
modeled as a bead (with diameter o), while different beads
were connected with finitely extensible nonlinear elastic bonds
(FENE). A key physical characteristic of polymer molecules is
that the chains cannot cross. The FENE potential inherently
achieves this, being harmonic at its minimum, while the bonds
cannot be stretched beyond a maximum length determined by
R, The FENE potential is expressed as

2 i ’
—0.5kRy"In| 1 — ] —| |, r, <R,
UBond(rij) = 0

where 1 is the distance between beads i and j, k = 25T¢e/ ¢% and
R, is the maximum extension of the bond (R, = 1.55). These

13,14
parameters

prevent chain crossing by ensuring an average
bond length of 0.976. 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 time-
steps needed to model solvent’s 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. Molecular dynamics simulation with Langevin
thermostat allows the statistical treatment of the solvent,
incorporating its influence on the copolymer by a combination
of random forces and frictional terms. The friction coeflicient
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:

mi(t) = =V 2 [UL](”i,') + UBond(”i,‘)] - m&i(t) + E(t)
j

©)

where m;, r, and ¢ are the mass, the position vector, and the
friction coeflicient of the i bead, respectively. The friction
coefficient is equal to & = 0.577", with 7 = 0\/ m/e. The random
force vector F, is assumed to be Gaussian, with zero mean, and
satisfies the equation

(E(t)-E(t')) = 6kyTm&5,6(t — t') (4)
kg is the Boltzmann constant and T is the temperature.

In amphiphilic copolymers studied here, A beads are
considered solvophilic and B beads solvophobic. In every
conducted simulation the solvophobic part B of the copolymer
contained 30 beads, while the length of the A part was varied
consisted of 16, 30, and 60 units. In the case of ®-shaped
copolymers, the solvophilic units are distributed to one or two
of the three subchains denoted as AgAgB1g, A4A 1,B30, Ai6B1oBao,s
A1sA1sB3o AioAyoBso, AsoBioBaoy AspAzBsg AgAyBs and
AgoB1oBao. In the case of homo figure-eight-shaped and homo
linked rings copolymers, the solvophilic units are distributed in
one of the two rings denoted as A;(Bjj, A3oBsy and AgBs,
while in mikto figure-eight-shaped and mikto linked rings
copolymers both rings are diblock copolymers (AgBs),,
(As3Bis), and (AgBis),.

Molecular dynamics simulations with Langevin thermostat
were performed in a cubic box with periodic boundary
conditions, using the open-source massive parallel simulator
LAMMPS."® Various earlier studies have proved the high
efficiency of LAMMPS in the study of amphiphilic copoly-
mers.'*'%!” 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. Different cutoff distances in the Lennard-Jones
potential were used'*'®™'® to describe the interactions between
copolymer units. The A—A and A-B interactions were
considered repulsive and have cutoff radii ra-}-:21/ S6. This cutoff
radius is very efficient to reproduce the critical exponent value
of the radius of gyration of polymers in the athermal regime for
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the range of molecular weights used in this work. To introduce
the effect of poor solvent for the B units we extend the range of
interactions to r; = 2.56. The potential is practically zero at the
cutoff distance introducing an error around &/60 1.6%.
However, in order to study the net effect of architecture on
micellization properties of copolymers we used the same cutoff
radii, molecular weight of solvophobic units and the same
reduced temperature T* = 1.8. For the sake of simplicity, all
types of beads were considered to have the same mass (m = 1)
and diameter (o = 1). Copolymers 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 1.56. The aforementioned criterion has been adopted by
the literature for the description of the micellization process
where this distance corresponds to the maximum extension of
the FENE bonds."® In all simulations, we set ¢ = 1.

In the current study, systems containing 125 copolymer
chains were simulated for the calculation of the cmc values. All
other properties were computed from systems with 1000 chains
at total copolymer concentration [C] = 0.12 where most
aggregates are formed.'* The system size was chosen so to
prevent the largest micelles from having a radius of gyration
greater than the one-fourth of the box side length. 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 were observed for all
the calculated quantities reported in this paper.

In order to avoid bond crossing at the desired concentration,
copolymer chains were initially arranged on a lattice box. The
energy of the chains was minimized and then the lattice box
was replicated in order to obtain the desired number of chains.
We performed 1 million time steps with integration step At =
0.0087 setting all cutoff radii equal to r; = 2Y%6 in order to
eliminate any bias introduced from the initial conformation.
Then, the system was allowed to equilibrate for 10 million
steps. The simulation was subsequently conducted for 10
million steps for the systems with 125 copolymer chains, and
60 million steps for the larger systems with 1000 amphiphiles.
The duration of the simulation was evaluated by calculating the
tracer autocorrelation function:

_ (Nl + ON(t)) — (N(t)Y
(N(t0)) = (N(t))Y s)

where N(t) is the number of molecules in the micelle in which
the copolymer resides at time t. We took all copolymers as
tracers, and every time step as a time origin #,. The
characteristic relaxation time ¢, is defined as the required
time for C(t) to reach the value'* of e™. Each simulation was
conducted for at least 10t,,,, in order to have 10 independent
conformations. The properties of interest were calculated as
averages from 1000 and 2000 snapshots for the systems with

125 and 1000 chains, respectively.

C(t)

3. RESULTS AND DISCUSSION

3.1. Critical Micelle Concentration. Critical micelle
concentration (cmc) is an important property of self-assembly
because it is a direct measure of the thermodynamic stability of
the micelles in the solution. In general, amphiphilic copolymers
with lower cmc values are stable at lower concentration. The
onset of micellization is traditionally depicted by plotting the
free (nonassociated) copolymer monomers concentration [F]
as a function of the total copolymer monomers concentration

dx.doi.org/10.1021/ma501053d | Macromolecules 2014, 47, 5851—-5859
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Figure 2. Concentration of the free copolymers [F] versus the total
copolymer concentration [C] for ®-shaped (panel a), figure-eight-
shaped (panel b), and linked rings copolymers (panel c).

[C]. For ideal systems as [C] increases small micelles are
formed and the concentration of free chains reduces
progressively reaching a plateau at the cmc. For higher
copolymer concentration [C], the nonidealities introduced by
the excluded volume interactions reduce the free chain
concentration and the maximum value of [C] defines the
cmc for real systems.'* More or less, at the cmc, 5% of the mole
fraction of amphiphilic copolymers are contained in micelles."?
Figure 2 shows plots of the total free copolymer concentration
[F] against the total copolymer concentration [C] for the
simulated ©-shaped, figure-eight-shaped, and linked rings
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Table 1. Values of cmc for Different ®@-Shaped, Figure-Eight-
Shaped, and Linked Rings Copolymers

M, solvophobic content (%) cmc r
©-Shaped
AgAsBs, 46 652 00067 1875
AyeBioBao 46 652 00085  1.875
AALBy 46 652 0.006 1.875
AssAsBy 60 50 0.013 1
AyoB1oBao 60 50 0.014 1
AjoAyByo 60 50 0012 1
AsoAsByo 90 333 0.026 0.5
AgB1oBao 90 333 0.023 0.5
AsAyBso 90 333 0.025 0.5
Figure-Eight-Shaped
homo A;¢By 46 652 0.005 1.875
mikto (AgBys), 46 652 0.013 1.875
homo AsyBy 60 50 00088 1
mikto (AsB), 60 50 0.023 1
homo AgBy 90 333 0015 0.5
mikto (AyBrs)y 90 333 0.042 0.5
Linked Rings

homo A;¢Bs, 46 65.2 0.012 1.875
mikto (AgBys), 46 652 0018 1.875
homo ABs, 60 50 0.02 1
mikto (AsB)y 60 50 0.03 1
homo AgBy 90 333 0.032 0.5
mikto (AyBys)y 90 333 0.048 05

amphiphilic copolymers. 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 driving
force of aggregation is the change in the Gibbs free energy g,.;
associated with the transfer of n unimers from the solution to a
micelle. The higher the g, the higher the cmc value. For
uncharged copolymers g,,;. 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'® Goic = G + Gt +
gpack + 8 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 the formation of the interface between the core and the
solution while g, involves the free energy change associated
with the packing of the solvophobic part into the micelle core.
The last term g; accounts for the contribution of steric
interactions between the solvophilic units of the copolymers.
Table 1 shows that for symmetric Ay;Ay,Bsyy ®-shaped
copolymers (with equal length solvophilic subchains N; = N,),
the cmc values are proportional to the subchain length. The
larger the solvophilic subchains become the higher the steric
penalties for transferring the large groups into the micelle.
According to the analytical theory of micellization g, increases
and consequently cmc values increase. For similar reasons the
cmc of asymmetric ®-shaped copolymers A A,B30, AjgA2B3g
and A,jA,B;, increases almost linearly as the solvophilic
subchains length increases. Between the ®-shaped copolymers
with two solvophilic subchains, having the same total molecular
weight and solvophobic/solvophilic units ratio r, the copolymer
having the higher cmc values is the one with with the

dx.doi.org/10.1021/ma501053d | Macromolecules 2014, 47, 5851—-5859
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Figure 3. Mass distribution of the aggregates for ®-shaped (panel a),
figure-eight-shaped (panel b), and linked rings copolymers (panel c).

symmetric subchains. This is due to the higher steric
interactions between the subchains in the corona. The cmc
values of ®-shaped copolymers containing two solvophobic
subchains also exhibit a monotonic increase as the solvophobic
content decreases. For small (M,, = 46) and moderate (M,, =
60) total molecular weights the cmc values of A;¢B(B,, and
A30B1oByy ©-shaped copolymers with two solvophobic
subchains are higher than the respective cmc values of
asymmetric and symmetric AjA},B3o, AgAgB3y, AjpAs0B3g, and
AjsA;sB; copolymers with two solvophilic subchains having
the same M,, and ratio r. The reason for this is the different
interfacial energy per chain g;,, needed from these copolymers
in the process of aggregation. In the case of the copolymers,
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AAB3y and AgAgBs, the long solvophobic subchain could
extend far away from the two connection points with the
solvophilic subchain, thus reducing the interface with the
solvent and consequently the enthalpic interactions with the
solvent. Moreover, the extension of the large subchain increases
the interface exposed to other copolymers’ solvophobic
moieties, resulting in a higher probability of interaction with
them and, furthermore, reducing the free energy of the
copolymers. For larger molecular weights (M, = 90) the
trends are reversed and the cmc values of A¢;B(B,, are lower
than the values of AjsA;;B;, and A,)A4Bs, copolymers. In
order to clarify these results we have calculated the root of
mean square distance between the subchains common ends
<R2>1/2- For the AgAgBsg, AjsA1sBso, AseAspBsg AiBioBao
AzoB1Byg, and AgyB,oB,o, we found that the (R*)!/ ? distance of
©® copolymers associated in micelles is equal to 3.15, 3.75, 4.45,
2.97, 3.13, and 3.21 respectively. The same property for the free
©-shaped copolymer chains in the solution attains the values of
3.22, 3.83, 4.59, 2.99, 3.14, and 3.21. As expected, the difference
in (R*)"/? value between the free and the associated copolymer
chain is negligible in all cases. However, the (R?)'/* value, for
AjpA30B3) copolymer is about 40% larger than the respective
value of AgAgBs,. In the case of A;B(Byy and A4 BBy
copolymers the difference in (R?)"? is around 8%. This
indicates that the increase in the length of two solvophilic
subchains enforces the solvophobic part to have larger size,
increasing the interface with the solvent and consequently the
cmc.

In the case of homo figure-eight-shaped copolymers the two
homopolymeric rings have only one common junction. This
way the shrinkage of solvophobic ring in the selective solvent is
not influenced by the presence of the solvophilic counterpart,
as in the case of ®-shaped copolymer where the two rings have
a common arc (subchain) either solvophilic or solvophobic.
Therefore, the cmc values presented in Table 1 are always
lower than the respective values of both types of ®-shaped
copolymers. As the molecular weight of solvophilic ring
increases from A;(B;, to A;B;, and AgB;, the cmc values
increase monotonously following the general rule: the lower the
solvophobic/solvophilic units ratio r the higher the cmc. In
contrast, the mikto figure-eight-shaped copolymers have higher
cmc values than the respective ®-shaped copolymers. The
reason is 2-fold. In mikto figure-eight-shaped copolymers
(AgBy5), there are two Ag subchains forming the corona,
instead of one A4 as in ®-shaped A¢B,(B,,, and consequently
higher steric interactions are introduced. Moreover, the two B
subchains residing in the core of the micelle have three junction
points (instead of two B,(B,, ®-shaped) that should be placed
in the periphery of the core leading to larger interfacial energy
Sint-

In Table 1, we also present the cmc results for the linked
rings copolymers. The homo-linked rings consists of two linked
homopolymeric rings while in the mikto-linked rings two
identical diblock copolymeric rings are linked. It can be
observed that the cmc values of the homo-linked rings are two
times higher than the cmc values of the homo figure-eight-
shaped copolymers, with the same ratio r and total molecular
weight, and very close to the respective mikto figure-eight-
shaped copolymers. The reason is that a considerable part of
solvophobic units (which entangle with solvophilic ring) is
enforced to reside out of the solvophobic core, being that way
in direct contact with the solvent consequently having high
interfacial energy. The highest cmc values of all architectures

dx.doi.org/10.1021/ma501053d | Macromolecules 2014, 47, 5851—-5859
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Table 2. Shape Characteristics of the Most Probable Aggregates Formed by @-Shaped, Figure-Eight-Shaped, and Linked Rings

Copolymers
N, (R micete (R core (R corona (Y it (Veore
©-Shaped
AsAgBy 19 46.6 (0.6) 363 (0.7) 65.9 (0.5) 0.123 (0.006) 0.183 (0.007)
AygB1oBao 14 39.4 (04) 29.6 (0.4) 57.6 (0.4) 0.133 (0.005) 0216 (0.005)
AALBy 20 46.4 (0.4) 34.8 (0.5) 67.7 (0.4) 0.104 (0.006) 0.164 (0.007)
AjsAssBag 10 417 (02) 247 (02) 584 (02) 0.092 (0.003) 0.181 (0.004)
AsoB1oBso 9 41.0 (0.2) 20.8 (0.2) 60.7 (0.2) 0.078 (0.001) 0.189 (0.001)
AjoAgoBio 10 41.8 (02) 24.0 (0.3) 59.3 (02) 0.085 (0.002) 0.173 (0.003)
AgoAyByg s 43.93 (0.06) 163 (0.1) 572 (0.1) 0.0845 (0.0003) 0.195 (0.002)
AgB1oBao 7 60.5 (0.1) 173 (0.1) 81.3 (0.2) 0.0692 (0.0007) 0.187 (0.003)
AsoAyoBio s 45.63 (0.08) 16.1 (0.1) 59.7 (0.1) 0.0892 (0.0007) 0.193 (0.001)
Figure-Eight-Shaped
homo A;By 26 56 (1) 357 (0.5) 94 (3) 0.093 (0.006) 0.140 (0.007)
homo AsqBg 19 65 (1) 28.6 (0.3) 103 (2) 0.064 (0.004) 0.126 (0.005)
homo AgBy 13 93 (2) 22.1 (0.1) 127 (2) 0.053 (0.003) 0.120 (0.002)
Linked Rings
homo A,By 12 46.4 (0.4) 403 (0.4) 57.5 (0.4) 0.180 (0.006) 0227 (0.008)

studied in the present paper are obtained from the mikto-linked
rings copolymers. Snapshots of the micelles show that due to
the free rotation of linked copolymer rings, large solvophobic
parts are exposed directly to the solvent increasing this way the
interfacial energy of the micelle and consequently the cmec.
3.2. 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 shape anisotropy x* are
useful tools for the characterization of the micelles formed by
amphiphilic copolymers. Shape anisotropy is defined as

(L,)
(1 (6)

where I, and I, are the first and second invariants of the radius
of gyration tensor. The value of shape anisotropy x¥* = 0
corresponds to perfect sphere while K> = 1 to perfect rod. All
these properties were calculated on the most concentrated
system having [C] = 0.12, where most aggregates are formed.
Results on the mass distribution of the aggregates for various
©-shaped, figure-eight-shaped, and linked rings copolymers are
shown in Figure 3. In the case of ®@-shaped copolymers (Figure
3, panel a), the mass distribution of the aggregates has a
maximum value corresponding to the preferential aggregation
number N, of the formed micelles. The N, values and the other
shape and size characteristics of micelles are presented in Table
2. It can be observed that between copolymers with the same
total molecular weight and solvophobic/solvophilic units ratio
t, those with smaller cmc form micelles with higher preferential
aggregation number N,. The shape of preferential micelles of
A4A,By, copolymers (N, = 20, M,, = 46), with two asymmetric
solvophilic subchains, is spherical with (k?),...c = 0.104 while
the solvophobic core is elongated sphere with (k*),,, = 0.164
(Figure 4a). Micelles with N, > 35 have a wormlike shape with
(Y picetle = 0.34 and (k). = 0.43 (Table 3). The core radius of
gyration of preferential micelles of A A},Bsy is around 15%
larger compared to the respective core of micelles formed by
asymmetric miktoarm star (A,),(A;3),Bs, having four solvo-
philic and one solvophobic arms. The star micelles have the
same aggregation number N, =20 and the same solvophobic
units but greater solvophilic content.'” The AgAgB, copolymer
with the symmetric solvophilic subchains forms aggregates with
similar preferential aggregation number N, =19 and shape

kK*=1-3
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closer to the elongated sphere ({(k*)cc = 0.123, (K)o =
0.183). Snapshot analysis (Figure 4b) shows that the core
having an elongated sphere shape, may contain multiple
solvophobic regions. However, the density profile curve plotted
along the micelle’s core center of mass is smooth indicating a
significant overlapping of solvophobic regions (Figure ).

The third type of ©-shaped copolymers, those with two
solvophobic subchains A;4B;oB,;, form smaller preferential
aggregates due to the larger interfacial energy as we explained in
the previous section. The (k%) is 0.133, a value which is
closer to the respective value for the symmetric AgAgBs
copolymers. In the case of ®-shaped copolymers with M, =
60 and r = 1 all preferential micelles have similar aggregation
numbers N, & 10. The shape of micelles formed by A;sA;sBs,
and A;,B,(B,, copolymers is spherical with (K*),s = 0.092,
0.078 respectively due to the more spherical corona while the
core shape is an elongated sphere with (x*),,. = 0.181 and
0.189. The AjA,;B;, copolymers, with two asymmetric
subchains in the corona, form elongated spherical micelles
with elongated spherical cores. The A;pAB;, aggregates with
Np > 20 are wormlike in shape. Further increase of the length
of the solvophilic subchains (M,, = 90 and r = 0.5) leads to
micelles with smaller aggregation numbers. As it can be
observed from the values of Table 2 the micelles are spherical
with elongated spherical cores. System snapshots revealed that
wormlike micelles are not formed, due to the long solvophilic
subchains.

The mass distributions of micelles for the homo and mikto
figure-eight-shaped copolymers are presented in Figure 3b. It
can be observed that all the homo figure-eight-shaped
copolymers A;(By,, AjBj, and AgBj, form micelles with
preferential aggregation numbers N, = 26, 19, and 13
respectively. These values are less than the half of the
aggre§ation numbers of the respective linear diblock copoly-
mer! having N, 62, 41, and 38. However, the
aforementioned N, values obtained by the simulations are
much smaller than the respective experimental ones since the
number of solvophobic units considered in the simulations is
very small compared to that of real copolymers. The shape of
the preferential micelles is almost spherical (Figure 4c) while
(K?) icelle decreases as the solvophilic content increases.
However, A;sB;, micelles with higher N, > 34 are wormlike
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Figure 4. Snapshots of micelles formed by (a) ®-shaped A,A;,B5, N,
=20, (b) O-shaped AgA¢Bsy, N, =19, (c) homo figure-eight-shaped
AyBsy N, = 19, (d) homo figure-eight-shaped A;¢By, N, = 34, (e)
mikto figure-eight-shaped (A;sB;s), N, = 10, (f) mikto figure-eight-
shaped (A;Bs), N, =35, (g) homo-linked rings As,B5, N, =7, (h)
mikto-linked rings copolymers (A3Bs), N, = 10.

with (K%),ce = 0.15 and (k). = 0.23 (Figure 4d). In the case
of mikto figure-eight-shaped copolymers, where each one of the
two rings is a diblock copolymer, the mass distribution of
micelles is not monotonic indicating a wide spectra of
aggregation numbers. The solvophobic subchains belonging
to individual rings of the copolymer behave as two independent
sticky patches leading to the formation of wormlike micelles
with wide aggregation numbers (Figure 4e,f).

The results concerning the linked rings copolymers are
presented in Figure 3c and at Tables 2 and 3. It can be observed
that homo-linked rings copolymers A¢B;, containing two
homopolymeric-linked rings form elongated micelles with
preferential aggregation number N, = 12. All other homo-
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linked ring copolymers form wormlike micelles with wide
aggregation numbers (Figure 4g). The mikto-linked rings
copolymers (AgBys); (AisBis)y and (A3Bys), also form
wormlike micelles with wide aggregation numbers. The
characteristic of the wormlike micelles formed by the mikto-
linked rings copolymers is the presence of multiple, separated
cores, which are connected through solvophilic bridges (Figure
4h). The reason is that the two solvophobic subchains are
placed at both ends of copolymer, creating two sticky patches
necessary for the wormlike micelle formation.

3.3. Comparison with Experiments. As mentioned in the
Introduction the micellization properties of homo and mikto
figure-eight-shaped copolymers have been studied experimen-
tally.>” Tsono et al” have synthesized figure-eight-shaped
copolymers with total M, = 22000 and solvophobic/
solvophilic ratio » &~ 1. Both solvophilic and solvophobic
monomers had the same length, differing in the side groups.
Isono et al.” showed that the cmc of homo figure-eight-shaped
copolymers is smaller than the cmc of the respective mikto
figure-eight-shaped which is in full agreement with our
simulation results. Their reported cmc value for homo figure-
eight-shaped copolymer was smaller than the value of the
respective linear diblock copolymer. This unusual result might
be attributed to the larger molecular weight of homo figure-
eight-shaped copolymers, since cmc is very sensitive upon the
increase of solvophobic’s part molecular weight.

Fan et al® studied the micellization properties of mikto
figure-eight-shaped copolymers and their four arm miktoarm
star copolymer precursors. Although, the authors® mention that
figure-eight-shaped copolymers form very large spherical
micelles with loose core, the TEM images (Figure 6A,B of ref
8) indicate that mikto figure-eight-shaped copolymer micelles
may have wormlike shape, composed of two or three smaller
spherical micelles connected to each other, similar to our
findings depicted in Figure 4e,f. The micelles size distribution,
presented in Figure 7A in the same manuscript,® also indicates
the presence of very large aggregates. The aforementioned sizes
are several times larger than their respective miktoarm star
precursors which may indicate the formation of wormlike
micelles, obtained from the connection of smaller spherical
ones.

Results on homo figure-eight-shaped copolymers are
reported by Isono et al.” The TEM images (Figure S14 VII
of ref 9) show that the formed micelles have wormlike shape.
Our simulation results, indicate the formation of spherical
micelles for preferential aggregation number N, = 19 and
wormlike micelles for much larger N,. This discrepancy could
possibly be explained by the small ring lengths used in our
simulations, or by some factors related to the synthetic process
such as the formation of knots, which is a known issue in
synthesis of ring architectures, both for homopolymers and
copolymers.”"** Further experimental and theoretical studies
are required for the elucidation of the role of multiring
architecture on the micellization properties of copolymers.

B CONCLUSIONS

The micellization behavior of double cyclic copolymers is
studied by means of molecular dynamics simulations with
Langevin thermostat. In particular, we studied ©-shaped
copolymers with one and two solvophobic subchains, homo
and mikto figure-eight-shaped copolymers, where the building
rings were homopolymers or symmetric diblock copolymers,
and homo- and mikto-linked rings copolymers. The properties
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Table 3. Shape Characteristics of Aggregates Formed by ©-Shaped, Figure-Eight-Shaped, and Linked Rings Copolymers

N, (R micete (R eore (R corona (Y it (Veore
©-Shaped
AALBs, 40 114 (3) 101 (3) 136 (3) 0.34 (0.01) 043 (0.02)
AjoAaoBso 20 88 (2) 68 (2) 108 (2) 026 (0.01) 041 (0.02)
AypA40B3o 10 69.3 (0.5) 31.4 (0.6) 87.9 (0.6) 0.092 (0.003) 0.26 (0.01)
Figure-Eight-Shaped
homo AgBg 20 112 (5) 30.8 (0.9) 152 (7) 0.05 (0.01) 0.14 (0.01)
homo ABsg 26 81 (4) 41 (2) 121 (7) 0.10 (0.01) 021 (0.02)
homo A¢Bs, 40 92 (6) 71 (6) 131 (6) 027 (0.03) 039 (0.03)
mikto (AgBs), 10 45.3 (0.7) 41.0 (0.7) 53.3 (0.7) 0.249 (0.006) 0.300 (0.008)
mikto (AgBys), 22 104 (2) 99 (2) 113 (2) 030 (0.01) 033 (0.01)
mikto (AysBys)s s 32.5 (02) 234 (02) 413 (02) 0.182 (0.002) 0.299 (0.003)
mikto (A;Bys), 10 67.4 (0.7) 57.3 (0.7) 773 (0.7) 0.282 (0.006) 0381 (0.007)
mikto (A;sB;s), 19 134 (3) 123 (3) 144 (3) 0.31 (0.01) 0.36 (0.01)
mikto (AyBs), 3 33.94 (0.04) 14.94 (0.04) 42.85 (0.05) 0.131 (0.001) 0.293 (0.001)
mikto (AyBs), s 499 (0.2) 27.8 (02) 60.6 (0.2) 0.151 (0.002) 0353 (0.003)
Linked Rings
homo A;¢Bs, 35 141 (7) 134 (7) 154 (8) 030 (0.02) 033 (0.02)
homo A;,By, 7 43.9 (0.2) 31.0 (0.1) 56.4 (0.2) 0.160 (0.002) 0.253 (0.002)
homo AsBs, 24 144 (2) 128 (2) 159 (2) 029 (0.02) 037 (0.02)
homo ABg 55 324 (40) 308 (39) 341 (42) 026 (0.09) 03 (0.1)
homo AgB;, 9 82.9 (0.4) 45.9 (0.5) 100.9 (0.4) 0.135 (0.002) 0.313 (0.006)
homo AgBsg 18 160 (9) 119 (9) 180 (9) 024 (0.03) 0.42 (0.04)
mikto (AgBs), s 23.0 (0.1) 19.0 (0.1) 303 (0.1) 0.205 (0.003) 0.277 (0.004)
mikto (AgBys), 15 715 (0.9) 66.7 (0.8) 80 (1) 0312 (0.007) 0355 (0.007)
mikto (AgBs), 35 165 () 160 (S) 175 (5) 0.29 (0.02) 0.31 (0.02)
mikto (A;Bys), 5 312 (0.1) 21.9 (0.1) 402 (0.1) 0.186 (0.002) 0312 (0.002)
mikto (A;sBy)s 10 64.9 (0.6) 54.86 (0.7) 749 (0.5) 0.288 (0.007) 0393 (0.008)
mikto (A30Bis), S 54.2 (0.3) 34.55 (0.3) 63.7 (0.3) 0.195 (0.002) 0.394 (0.003)
0.7 T T T T T T T Additionally, it is shown that the ®-shaped copolymers form
] micelles with preferential aggregation number. The shape of
0.6 7 these micelles is spherical with elongated spherical cores. The
) — AAB N =19 ] homo figure-eight-shaped copolymers also form spherical
0.5 — A A B..N =10 N micelles with preferential aggregation number and elongated
_ 154157300 N . . . > .

“o 04k — AA BN =5 ] s'pherlcal. cores, while the mikto ﬁgu@—elght—shaped and the
e P linked rings copolymers form wormlike or super structured
= sl micelles with wide aggregation numbers. Our results Jwere
a directly compared with experimental findings of Fan et al.” and

ok Isono et al.” Further experimental and theoretical studies are
required for the elucidation of the role of multiring architecture
01k on the micellization properties of copolymers.
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Figure S. Density profile of aggregates formed by differed ®-shaped
copolymers.

of interest were the critical micelle concentration, the mean
aggregation number and the shape of the micelle. We found
that for the same solvophilic and solvophobic contents the ®-
shaped copolymers with two solvophobic subchains have higher
cmc than the respective ©-shaped copolymers with one
solvophobic subchain. The cmc of mikto figure-eight-shaped
copolymers was higher than the respective cmc value of homo
figure-eight-shaped, in full agreement with the experimental
findings of Isono et al.” Similarly, the mikto-linked rings have
higher cmc than the homo-linked rings copolymers, and both
have higher cmc than the figure-eight-shaped and ®-shaped

copolymers.
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