CIS

A RTTCUL E S

Published on Web 12/31/2009

Effect of Selective Solvent Addition Rate on the Pathways for
Spontaneous Vesicle Formation of ABA Amphiphilic Triblock
Copolymers

Yuanyuan Han, Haizhou Yu, Hongbo Du, and Wei Jiang*

State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun 130022, P. R. China, and Graduate University of
Chinese Academy of Sciences

Received November 5, 2009; E-mail: wjiang @ciac.jl.cn

Abstract: In this study, the kinetics of vesicle formation of ABA amphiphilic triblock copolymers from an
initially homogeneous state was theoretically and experimentally investigated by adding a selective solvent
into the system. The pathway of spontaneous vesicle formation depended greatly on the selective solvent
addition rate. At a slow addition rate, the pathway followed three stages: (1) the amphiphilic triblock copolymer
combined into a large irregular aggregation; (2) the large irregular aggregation broke into big irregular
spheres; and (3) some hydrophilic molecules in the big irregular spheres diffused toward the surface, and
some hydrophilic molecules diffused toward the center, forming vesicles. However, at a fast addition rate,
the pathway was as follows: (1) the amphiphilic triblock copolymer aggregated into many small spheres;
(2) the small spheres merged to form rod-like micelles first and then oblate membranes; and (3) the oblate
membranes closed up to form vesicles. This pathway difference for vesicle formation can be attributed to
the existence of many metastable states in the system. This finding not only provides new insight into the
origins of vesicles but also provides further understanding on the self-assembly kinetics of amphiphilic

block copolymers in a selective solvent.

Introduction

Amphiphilic block copolymers can self-assemble into a vast
variety of micelles in selective solvents." > Among these
micelles, vesicles have become more attractive due to their
special structures.* '" A vesicle is an enclosed structure of the
molecular bilayer. It is assumed to play an important role in
biological activity and has been used to mimic cells.'>"?
Moreover, vesicles may have special applications in many fields,
including drug delivery, microreactors, and so on."*~!” There-
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fore, great effort has been devoted to studying the formation of
vesicles, both theoretically'® > and experimentally.>*>* Previ-
ous studies indicate that bilayer membrane closing is an
indispensable pathway for vesicle formation. However, recent
simulation results by He and Schmid show that vesicles can be
formed via nucleation of hydrophobic molecules in spherical
micelles.’>** This indicates that bilayer membrane closing is
not an exclusive pathway for vesicle formation. However, to
the best of our knowledge, the pathway difference for vesicle
formation remains unclear. In the work described in this paper,
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Figure 1. (a) Homogeneous ABA triblock copolymer solution (as initial state) obtained by simulation. (b) DLS histograms showing the hydrodynamic
radius (Ry,) distribution of the homogeneous ABA triblock copolymer/DMF solution.
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Figure 2. (a—f) Snapshots at different stages from simulation results showing the pathway of spontaneous vesicle formation of the amphiphilic triblock
copolymer at a slow addition rate (green and red denote hydrophilic and hydrophobic molecules, respectively). Simulation time: (a) 8.3 x 10% (b) 9.0 x 10%,
(©) 1.1 x 10°, (d) 1.2 x 105, (e) 2.0 x 10°, and (f) 3.3 x 10° MCS. For the purpose of clarity, the cross sections of the micelles are given in panels c—f.
Shown below are TEM images of the aggregates formed at different times when deionized water was added at the addition rate of 0.2 wt % per day for (g)
15, (h) 18, (i) 20, (j) 25, (k) 28, and (m) 30 days. Inset in panels i—k is the local magnification.

the kinetics of vesicle formation of ABA amphiphilic triblock
copolymers from an initially homogeneous state was theoreti-
cally and experimentally studied by adding a selective solvent
into the system. From the results, it was found that the selective
solvent addition rate is the key factor that determines the
pathway of spontaneous vesicle formation.

Theoretical Section

In simulations, the pathways of the spontaneous vesicle formation
of an A;B¢A; amphiphilic triblock copolymer in a selective solvent
were studied via the Monte Carlo method (“A” refers to a
hydrophilic molecule, whereas “B” refers to a hydrophobic
molecule; the numbers 1 and 6 refer to the repeat units for
corresponding molecules). Monte Carlo simulation of self-avoiding
chains was carried out in a simple cubic lattice system. The length,
width, and height of the cubic system were all 40. The periodic
boundary condition was applied to all three directions. A Larson-
type bond fluctuation model with a permitted bond length of either
1 or +/2 was used.>'*? Each lattice site was occupied by either a
bead or a vacancy (a solvent molecule). Excluded volume interac-
tions were enforced to ensure that only one bead existed per lattice
site. No bond-crossing was allowed. If the attempted move violated
the excluded volume condition or the no-bond-crossing or bond
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length restrictions, it was rejected. Attempted moves that satisfied
the excluded volume condition and the no-bond-crossing and bond
length restrictions were further accepted or rejected according to
Metropolis rules.®* The partial-reptation algorithm was applied in
our simulation.>**> This algorithm enhances the efficiency of the
simulation by introducing a cooperative motion of beads and has
been proven suitable for studying the dynamic process. The
microrelaxation modes are defined as follows.

A bead is randomly chosen to exchange with one of its 18 nearest
neighbors. If the neighbor is a vacancy, exchange with the bead is
attempted. If the exchange does not break the chain, it is allowed
to do so. This process constitutes a single movement. If the
exchange would break two chain connections, it is not allowed. If
the exchange creates a single break in the chain, the vacancy will
continue to exchange with subsequent beads along the chain until
reconnection of the links occurs. This process constitutes a
cooperative movement. The total number of beads in the entire
simulated system is fixed at 6000, corresponding to a volume
fraction of 9.375%. Only BB interactions are considered, and the
strength of one pair of interactions is set as egg = &'/kgT (Where
kpis the Boltzmann constant and ¢” is the BB interaction energy).
All other interaction energies are set to zero. The inverse temper-
ature, 1/7, is used and equals zero at the athermal state. In this
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study, time is measured in units of Monte Carlo step (MCS). One
MCS means that, on the average, every bead has attempted one
exchange.

The amphiphilic triblock copolymer used in the experimental
studies is P4VPy3-b-PS366-b-P4VPy;. Details about sample prepara-
tion and characterization are given in the Supporting Information.

Results and Discussion

In our simulation studies, egp is set to 0.5 to ensure that the
amphiphilic triblock copolymers can form a homogeneous
solution (Figure la). This is necessary to ensure that the
copolymer is dissolved in a common solvent, forming a
homogeneous solution for the experiment. The homogeneous
state was set as the initial state for all cases in this study. When
epp is changed from 0.5 to —0.7 (the other interaction energies
remain zero), the system can evolve based on the Monte Carlo
algorithm. Different addition rates, that is, changing egg from
0.5 to —0.7 using different steps, were employed in this study.
When the addition of a selective solvent is performed by
changing egp from 0.5 to —0.7 via a step of —0.05, the addition
rate is considered slow. At each step, the simulation time was
5000 MCS. This process corresponds to the case in which a
selective solvent such as water is slowly added to the homo-
geneous amphiphilic copolymer solution. Figure 2a—f shows
the evolution of the system from the homogeneous state to the
state where vesicles have formed. The process of spontaneous
vesicle formation at this specific addition rate can be generally
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divided into three stages: (1) the amphiphilic triblock copolymer
first combines into a large irregular aggregation (Figure 2a);
(2) the large irregular aggregation breaks into large irregular
spheres in which the hydrophilic molecules are randomly
distributed (Figure 2b,c); and (3) some hydrophilic molecules
in the large regular spheres diffuse toward the surface, and some
hydrophilic molecules diffuse toward the center, forming small
vesicles (Figure 2d—f).

In experimental studies, water is a widely accepted selective
solvent for amphiphilic block copolymers. Adding water to the
ABA copolymer solution can increase the repulsive interaction
between the solvent and PS molecules, leading to the aggrega-
tion of PS blocks in the present study. Therefore, adding water
is equivalent to decreasing epp in the simulation. To study the
effects of the addition rate on the pathways of spontaneous
vesicle formation of ABA amphiphilic triblock copolymers,
different water addition rates were employed in this research.
Adding water to the solution at a rate of 0.2 wt % per day up
to the predetermined amount (6 wt %) was considered as slow
addition in this experiment. When the first drop of deionized
water was added to the solution, the time was defined as zero.
Figure 2g—m displays the morphologies of the micelles
observed by transmission electron microscopy (TEM) at dif-
ferent stages during slow addition. Floccules first appeared
(Figure 2g) 15 days after the initial addition of water, and then
broke into irregular aggregates after 18 days (Figure 2h). The
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Figure 3. DLS histograms showing the hydrodynamic radius (Ry) distribution at different times when deionized water was added at the addition rate of 0.2

wt % per day for (a) 15, (b) 18, (c) 20, (d) 25, (e) 28, and (f) 30 days.
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Figure 4. (a—d) Snapshots at different stages from simulation results showing the pathways of spontaneous vesicle formation of the amphiphilic triblock
copolymer at a fast addition rate (green and red denote hydrophilic and hydrophobic molecules, respectively). Simulation time: (a) 5.0 x 103, (b) 1.0 x 10°,
(c) 1.8 x 10%, and (d) 3.5 x 10° MCS. Shown below are TEM images of the aggregates formed after 6 wt % deionized water was added at one time (fast

addition rate): (e) 8 s, (f) 10 h, (g) 29 h, and (h) 48 h.

irregular aggregates separated to form spheres with solid centers
after 20 days (Figure 2i). Further along, spheres with small
hollow centers (i.e., small vesicles) appeared clearly after 25
days (Figure 2j). These observations are consistent with the
simulation results in Figure 2a—f. Moreover, small vesicles
could further swell or merge into larger ones when the elapsed
time continuously increased, as shown in Figure 2k (28 days)
and Figure 2m (30 days).

Dynamic light scattering (DLS) conveniently demonstrates
the presence of micelles.** In this experiment, DLS was used
to detect changes in the size of the aggregates as the time lapse
increased. Figure 1b shows the hydrodynamic radius (Ry)
distribution of a homogeneous polymer/ N,N-dimethylformamide
(DMF) solution, corresponding to the simulated initial state
shown in Figure la. Typical unassociated copolymer molecules
have apparent hydrodynamic radii in the range of 2—10 nm
(Figure 1b). With the addition of water, Ry, rose to higher values.
A more detailed examination of the results at a slow addition
rate is provided in Figure 3, which displays apparent particle
size distributions obtained from DLS. Figure 3a,b shows that
Ry rises to higher values early on. This indicates that an
increasing number of unassociated copolymer molecules are
incorporated into the aggregates, which in turn become larger
with increasing time up to 18 days. When the time lapse
increases to 20 days, however, Ry, decreases to around 100 nm,
as shown in Figure 3c. The TEM results (Figure 2i) show that
small spheres form at this time. With further increases in elapsed

(36) Hong, L.; Zhu, F.; Li, J.; Ngai, T.; Xie, Z.; Wu, C. Macromolecules
2008, 41, 2219-22217.
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Symp. 2005, 219, 123-133.

time, Ry, again increases (Figure 3d—f), corresponding to the
swelling process of the spheres (Figure 2j—m). Thus, it can
be concluded that DLS measurements are consistent with the
experimental and simulated results. The values of Ry, are a little
higher than the sizes of the aggregates observed by TEM. The
main reason for this observation may be that the samples for
DLS measurements involved micelles in a water solution,
whereas the samples for TEM observations were dried micelle
aggregates.

When the addition of selective solvent is performed by
directly changing egg from 0.5 to —0.7, it is considered fast
addition. This corresponds to the case in which a predetermined
amount of selective solvent such as water is added only once
to the solution in the experiment. Figure 4a—d shows the
simulation results of the pathway for spontaneous vesicle
formation. The amphiphilic triblock copolymer first aggregates
into many small spheres covered by hydrophilic molecules
(Figure 4a). This is different from the stages observed during
slow addition. Interestingly, some spheres merge together to
form rod-like micelles (Figure 4b) and then continue to fuse to
form a big oblate membrane (Figure 4c). Afterward, the oblate
membrane closed up to form small vesicles (Figure 4d). Similar
simulation results have been obtained by Yamamoto et al.,**!
who used dissipative particle dynamics (DPD) simulations to
study the vesicle formation of amphiphilic triblock copolymers.
They found that spontaneous vesicle formation was due to the
intermediate state of oblate micelles or a bilayer membrane.
The membrane fluctuated and then closed to form a vesicle.

In this experiment, adding the 6 wt % deionized water only
once was considered fast addition. Similar to the process
involving slow addition, the time was set as zero when the
deionized water was first added to the solution. Figure 4e—h
shows the morphologies of the micelles observed by TEM

J. AM. CHEM. SOC. = VOL. 132, NO. 3, 2010 1147
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Figure 5. Detailed simulation (a—d) and experimental (e—h) results showing how a membrane bends and finally closes to form a vesicle at a fast addition
rate. Simulation time: (a) 1.8 x 10°, (b) 2.0 x 103, (c) 2.7 x 10°, and (d) 3.0 x 10° MCS. Experimental time: (e) 29, (f) 32, (g) 35, and (h) 48 h.
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Figure 6. DLS histograms showing the hydrodynamic radius (R}) distribution at different times under a fast addition rate (6 wt % deionized water added

at one time): (a) 8 s, (b) 10 h, (¢) 29 h, and (d) 48 h.

at different stages. These images indicate that the process of
vesicle formation at fast addition can be divided into the
following stages: (1) first, the copolymer self-assembles into
small spheres (Figure 4e); (2) these spheres then merge
together to form first rod-like micelles (Figure 4f) and then
bilayer membranes (Figure 4g); and (3) the membranes bend
and finally close to form small vesicles (Figure 4h). These
observations agree with the simulation results (Figure 4a—d).
For clarity, Figure 5 gives the detailed simulated and
experimental results, showing how a membrane bends and
finally closes to form a vesicle. It was easy to trace a micelle
and study its kinetics in the simulation, as shown in Fig-
ure 5Sa—d. However, there appears to be no way to trace a
micelle in the experiment. The images provided in Figure
Se—h were obtained from different micelles at different
stages. Other images showing such intermediate structures
are provided in Figures S2 and S3 of the Supporting
Information.
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DLS measurements were also used to study this process.
In the beginning, the single peak was at ca. 25 nm (Figure

Stable state (vesicle)

Figure 7. Schematic diagram showing the free energy landscape with a
stable state and many metastable states (the valleys).
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Figure 8. Simulation results showing the variation in average end-to-end
distance of the B block with time at different addition rates. For the purpose
of clarity, local enlarged graphs under slow (a) and fast (b) addition rates
are also given.

6a), indicating that almost all unassociated copolymer
molecules were incorporated into the aggregates. This result
supports the TEM observation (Figure 4e) in which the
aggregates were found to be small spheres and short rods.
From Figure 6b, it is found that the distribution of Rj, becomes
wider when the time lapse is increased to 18 h, suggesting
that sphere and rod morphologies coexist in the aggregates.
When the time lapse increased to 29 h, large aggregate (R,
> 1000 nm) scattering signals could be detected, as shown
in Figure 6¢. These signals originate from the thin films, as
observed via TEM in Figure 4g. Such scattering signals were
not obtained at a slow addition rate. When the time lapse
was further increased to 48 h, the distribution of R}, became
narrower and formed a single peak (Figure 6d). The peak is
located at 179 nm, which is close to the vesicle sizes as
indicated in Figure 4h. Thus, the DLS results further confirm

(a)

(©) (d)
LN

~J

e m 15 X0 % X B 4

the TEM observation and simulation results; that is, the
pathway of spontaneous vesicle formation depends on the
selective solvent addition rate.

Why does the pathway of vesicle formation depend on the
addition rate? It is generally known that many metastable states
can exist in a block copolymer solution system.>** These
metastable states and the stable state correspond to the valleys
and lowest valley, respectively, in the free energy landscape.
Generally, the complete free energy landscape of a complicated
system is difficult to obtain. In this case, a schematic diagram
is provided (Figure 7) showing the free energy landscape of
the system. In the present study, the presence of vesicles denotes
the stable state, whereas the appearance of small spheres, short
rods, and other formations is considered a metastable state of
the system. Under different addition rates, the system evolves
via different paths from the initial state to the final stable state,
as indicated in Figure 7. The diagram shows that different
valleys can be observed along different paths. Thus, the pathway
of vesicle formation depends on the selective solvent addition
rate.

To further reveal the mechanism for this phenomenon, the
simulation result (Figure 8) showing the variation in average
end-to-end distance (R) of the B block copolymer chains with
time under slow and fast addition rates is given. Figure 8§ shows
that the two curves exhibit obviously different behaviors at
earlier stages and then tend to move closer to each other and
finally overlap. The time that the egp reached the same value
(—0.7) for the two cases is 1.2 x 10° MCS. After this time,
from Figure 8, the values of R are different for different addition
rates up to 1.5 x 10° MCS. This indicates that the system
evolves via different paths in the free energy landscape because
the free energy is a function of R. Further along, R/R, = 1.41
(Ry is the end-to-end distance at theta condition for the same
chains) when the time is zero. This result indicates that the
copolymer chains are stretched at the initial state. However,
the value of R/R, rapidly decreases from 1.41 to 0.91 with
increasing time lapse at a fast addition rate. A value R/R, < 1
means that the two ends of a hydrophobic block tend to be close

|V D e NE

Figure 9. Simulated (a—d) and experimental (e—h) results showing how two small vesicles merge into a bigger one. Simulation time at a fast addition rate:
(a) 2.8 x 10° (b) 2.9 x 10°% (c) 3.0 x 10° and (d) 3.5 x 10° MCS. Experimental time at a slow addition rate: (e) 25, (f) 26, (g) 28, and (h) 30 days. The

scale bars in panels e—h represent 100 nm.
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to each other, forming a folding conformation. The folding
conformation is unstable due to the repulsive interaction between
the hydrophobic block and the solvent molecule. Thus, the
folding copolymer chains are more likely to form small spheres
or short rods with hydrophobic cores and hydrophilic shells.**
In contrast, the end-to-end distance decreases slowly with
increasing time lapse and remains >1 at all times under slow
addition. A value R/R, > 1 means that the copolymer chains
are relatively stretched in the solvent. Compared with folded
copolymer chains, stretched chains have more difficulty forming
small spheres or short rods with hydrophobic cores. This is the
main reason ABA triblock copolymers first form small spheres
covered by hydrophilic blocks at a fast addition rate, whereas
they initially form large aggregates at a slow addition rate.
Small vesicles can merge into larger vesicles under both fast
and slow addition rates. Figure 9a—d shows a typical process
of two small vesicles merging into a bigger one. Similar results
are also obtained in our experiment. The entrapment of
intermediate aggregates is shown in Figure 9e—h. Thus far, the
pathways taken by ABA amphiphilic molecules in a selective
solvent via self-assembly, from an initially homogeneous state

(40) Yamamoto, S.; Maruyama, Y.; Hyodo, S. J. Chem. Phys. 2002, 116,
5842-5849.
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109, 21549-21555.

(43) Du, H. B.; Zhu, J. T.; Jiang, W. J. Phys. Chem. B 2007, 111, 1938—
1945.

1150 J. AM. CHEM. SOC. = VOL. 132, NO. 3, 2010

to a state in which perfect vesicles are formed at slow and fast
addition rates, have been determined in both simulations and
experiments. This combination study involving experiments and
simulations not only provides new insight into the origins of
vesicles but also helps us further understand the self-assembly
kinetics of amphiphilic block copolymer in selective solvents.

Conclusion

In summary, our theoretical and experimental studies revealed
that the pathways for spontaneous vesicle formation of ABA
amphiphilic triblock copolymers in selective solvents rely on
the selective solvent addition rate. At a slow addition rate,
vesicles are formed via hydrophobic molecules’ diffusion into
the center of spherical micelles, whereas they are formed via
oblate membrane closing at a fast addition rate. This pathway
difference for vesicle formation can be attributed to the existence
of many metastable states in the system.
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